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Abstract 

Solid-state electrolytes have emerged as a viable substitute for liquid electrolytes in lithium-

ion batteries, holding promise for improved safety, energy density, and cyclic performance. 

Solid-state electrolytes have the potential to address the challenges associated with 

conventional liquid electrolytes, opening the door for high-performance batteries to become 

commercialized. Among the various solid-state electrolytes, the NASICON-type electrolyte 

Li1.3Al0.3Ti1.7P3O12 (LATP) is particularly attractive due to its high ionic conductivity, excellent 

stability, and impressive air stability. 

This research project focuses on the synthesis of a co-doped LATP electrolyte through the 

solid-state method, with the dopants targeted at the Titanium and Phosphate sites, respectively. 

The study examines the impact of cobalt and silicon on the phase composition, microstructure, 

and ionic conductivity of the LATP solid-state electrolyte. X-ray photoelectron spectroscopy 

confirms the presence of silicon and cobalt dopants, with peaks indicating Co in the +2 

oxidation state and Silicon in the +4 oxidation state. The X-ray diffraction analysis confirms a 

highly crystalline structure. The optimal cobalt and silicon dopant content leads to an ionic 

conductivity of 5.45 x 10-5 S cm-1 at room temperature. These findings suggest that an ideal 

level of cobalt doping results in better ionic conductivity than pristine LATP. 

Keywords: Solid state electrolytes (SSE), lithium batteries, all solid-state batteries (ASSLBs), 

lithium-ion batteries (LIB), Lithium Aluminum Titanium Phosphate (LATP), NASICON, 

Batteries, oxide-based electrolytes, electrolytes 
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Chapter: 1 Introduction 

1.1. Background 
Energy production is the essential process of generating power from various sources that serve 

different purposes like powering homes, businesses, and transportation. The most common 

sources of energy production are fossil fuels, nuclear energy, and renewable energy. Fossil 

fuels such as coal, oil, and natural gas are the widely used sources of energy production across 

the globe. However, the burning of fossil fuels releases significant amounts of greenhouse 

gases into the atmosphere, leading to various environmental hazards like global warming, air 

pollution, and acid rain. Conversely, nuclear energy produces large amounts of electricity with 

minimal greenhouse gas emissions, but accidents can pose significant environmental risks [1]. 

To combat the environmental hazards, renewable energy sources like solar, wind, hydro, and 

geothermal have emerged as an alternative to traditional energy sources. Renewable energy 

sources do not release greenhouse gases and have a lower environmental impact. However, 

they also face environmental hazards such as wind turbines posing a risk to birds and bats, and 

hydroelectric power affecting aquatic ecosystems. Additionally, renewable energy sources 

require energy storage devices like batteries to ensure a consistent supply of electricity. Green 

energy refers to energy generated from renewable energy sources with minimal environmental 

impact, and it includes solar panels, wind turbines, and hydropower plants. 

Technology plays a significant role in energy production and storage. Technological 

advancements have made renewable energy sources more cost-effective and efficient while 

improving energy storage capacity and durability [2]. Energy storage devices like batteries, 

flywheels, and pumped hydro storage are crucial in energy production and storage. LIB are the 

most widely used energy storage devices due to their high energy density, long cycle life, and 

relatively low maintenance requirements [3]. These batteries come in different types, including 

cylindrical, prismatic, and pouch cells, with cylindrical cells commonly used in consumer 

electronics, and prismatic and pouch cells in larger applications like electric vehicles and grid-

scale energy storage systems [4]. Research groups are intensely focused on LIBs, in addition 

to other battery systems such as lithium-air [5], lithium-sulfur [6], and redox flow batteries [7]. 

LIB work by storing energy in the form of chemical energy, where lithium ions move from the 

cathode to the anode during charging, and move back to the cathode during discharge, releasing 

energy in the process [8]. 
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1.1.1. Market Estimation 

The market for LIB has expanded quickly in recent years due to rising interest in electric 

vehicles, energy storage devices, and consumer electronics. The global LIB market was 

estimated to be worth USD 36.7 billion in 2020 and is anticipated to increase at a CAGR of 

19.8% from 2021 to 2027 to reach USD 129.3 billion [9]. In the upcoming years, the demand 

for LIB is anticipated to be further fueled by the growing emphasis on renewable energy 

sources and energy storage technologies. LIB are becoming more appealing for a variety of 

applications due to improvements in battery performance, increased energy density, and lower 

costs brought about by technological developments [10]. China, Japan, and South Korea are 

the major market participants in the Asia-Pacific region, which leads the worldwide LIB 

industry [11]. 

 

Figure 1.1: Global estimation of LIB Market from 2016 to 2027 including all continents 

(Polaris Market Research) 

1.2. History of LIB 
The first LIB was developed in the 1970s by M. Stanley Whittingham while he was employed 

at Exxon [12]. However, Sony unveiled the first commercial LIB in 1991, utilizing a carbon 

anode and a lithium cobalt oxide cathode. This is when LIB first became popular.  This battery 

changed the electronics sector by giving portable electronics like laptops and cell phones a 

compact, long-lasting power source. Since then, technological developments have contributed 

to the development of several cathode, anode, and electrolyte types, increased energy density, 

prolonged cycle life, and enhanced safety. Due to its use in electric vehicles and grid-scale 

energy storage systems, the demand for LIB has increased significantly during the past several 

years [13], [14]. The development of technology and the rising need for energy storage 
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solutions across a variety of industries are both reflected in the history of LIB. To achieve high 

energy density LIBs, considerable study has recently been devoted into electrode and 

electrolyte materials [15]. The journey of LIB started when the UK Atomic Energy Authority 

published a patent demonstrating the reversibility of Ax (an alkaline metal) insertion and 

deintercalation in a material with the structural formula AxMyO2, where My is a transition 

metal. In 1990, SONY used this patent to manufacture HP-211, which employed a chemistry 

of LiCoO2 and soft carbon [16]. The mass production of HP-211 began the following year for 

use in the TR-1 camcorder application, but now with LiCoO2 and hard carbon [17]. 

1.2.1. Working of LIB 

LIB work by storing and releasing energy in the form of chemical energy. The battery contains 

a cathode, an anode, and an electrolyte, which acts as a medium for the movement of ions 

between the electrodes. During charging, lithium ions move from the cathode to the anode, 

where they are stored as potential energy. The movement of the ions is facilitated by the flow 

of electrons through an external circuit. When the battery is discharged, the lithium ions move 

back to the cathode, releasing energy in the form of electrical current. The process of charging 

and discharging is reversible, allowing LIB to be used multiple times. The performance of LIB 

depends on various factors, including the type of cathode and anode material, the composition 

of the electrolyte, and the manufacturing process. Advances in technology have led to the 

development of high-capacity LIB with longer cycle life, improved safety, and reduced cost 

[18]. 
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Figure 1.2: The basic concept behind the LIB involves the insertion and removal of 

lithium ions (represented by yellow spheres) into the anode and cathode structures 

during the charging and discharging processes, respectively 

1.2.2. Electrochemistry of LIB 

LIB operate based on electrochemical principles, specifically redox reactions. During charging, 

the battery undergoes an oxidation reaction at the anode, and a reduction reaction at the 

cathode. Conversely, during discharge, the opposite occurs, with a reduction reaction taking 

place at the anode and an oxidation reaction occurring at the cathode. 

The anode in a LIB is typically made of graphite or other forms of carbon. During charging, 

lithium ions are extracted from the cathode and move through the electrolyte to the anode, 

where they are intercalated into the graphite structure. This process is accompanied by an 

oxidation reaction, where electrons are released by the graphite anode and flow through the 

external circuit to the cathode. The overall reaction is: 

LiCoO2 + C6 <=> Li1-xCoO2 + xLiC6 + xe-  (eq.1) 

where LiCoO2 represents the cathode material, C6 represents the graphite anode, and x 

represents the amount of lithium ions intercalated into the graphite structure. 

At the cathode, lithium ions combine with metal oxide compounds such as lithium cobalt oxide 

(LiCoO2) to form lithium metal oxide. This process is accompanied by a reduction reaction, 

where electrons are accepted by the cathode material. The overall reaction is: 
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Li1-xCoO2 + xLiC6 + xe- <=> LiCoO2 + xLi+ + xe-  (eq.2) 

where Li1-xCoO2 represents the partially depleted cathode material and LiCoO2 represents the 

fully charged cathode material. 

During discharge, the opposite reactions occur, with lithium ions moving from the anode to the 

cathode and combining with metal oxide compounds at the cathode, releasing energy in the 

form of electrical current. The process is reversible, allowing the battery to be charged and 

discharged repeatedly. 

1.2.3. Types of Li-ion cells 

LIB’s have become an integral part of modern life, powering a wide range of electronic devices, 

including smartphones, laptops, electric vehicles, and energy storage systems. Different types 

of lithium cells are available, each with its unique characteristics that make them suitable for 

specific applications and usage requirements. 

The cylindrical cell, also known as the 18650 cell, is the most commonly used type of LIB. It 

has a cylindrical shape with a diameter of 18 mm and a length of 65 mm, making it ideal for 

high-power applications, such as power tools, laptops, and electric vehicles [19]. 

Prismatic cells, also called pouch cells, have a rectangular or square shape and are available in 

different sizes, making them more versatile than cylindrical cells. They offer high energy 

density and excellent power delivery, making them suitable for electric vehicles and energy 

storage systems [19]. 

Button cells are small, flat, and round, mainly used in low-power devices like calculators and 

watches due to their low energy density. 

Pouch cells, also known as flexible cells, have a thin and lightweight structure, making them 

ideal for portable devices such as smartphones and tablets. They offer a high energy density 

and can be arranged in various configurations to meet specific power and energy requirements 

[20]. 

In conclusion, the choice of lithium cell depends on the specific application and usage 

requirements. Cylindrical and prismatic cells are ideal for high-power applications, while 

button cells are suitable for low-power devices. Pouch cells are preferred for their thin and 

lightweight structure, making them ideal for portable devices. applications, and pouch cells are 

preferred for their thin and lightweight structure, making them ideal for portable devices. 
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Figure 1.3: Different types of cells and components present in them 

1.2.4. Advantages of LIB on other Technologies 

LIB have several advantages over other battery technologies that make them one of the most 

popular types of rechargeable batteries used today. 

The high energy density of LIB is one of their most important benefits. The amount of energy 

that may be stored in a battery per unit of volume or weight is known as energy density. 

Compared to other battery types like nickel-cadmium (NiCd) and nickel-metal hydride (NiMH) 

batteries, LIB have a higher energy density. This makes them perfect for portable gadgets like 

smartphones, tablets, laptops, and electric vehicles since they can store more energy in a 

smaller, lighter size. LIB' high energy density prolongs battery life and minimizes the need for 

frequent recharging. The increased lifespan of LIB is another benefit. LIB have a far better 

rechargeability than other rechargeable batteries, allowing for hundreds of recharge cycles 

before needing to be replaced. Because of this, LIB will eventually prove to be a more cost-

effective solution. LIB also have a low self-discharge rate, allowing them to maintain their 

charge for longer periods of time without the need for recharging. For less commonly used 

gadgets, this is very helpful. The minimal maintenance required by LIB is another important 

benefit. LIB don't need to be discharged on a regular basis like other rechargeable batteries do. 
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Moreover, they are immune to the memory effect, a condition in which batteries gradually lose 

capacity if they are not fully depleted before recharging. LIB is more handy and dependable 

because they can be recharged whenever you want without the battery being harmed [21]. And 

lastly, compared to other battery technologies, LIB is more environmentally benign. Compared 

to NiCd batteries, they have fewer hazardous components and are simpler to recycle. When 

LIB is disposed away, the components they contain cause less damage to the environment [22]. 

In conclusion, LIB have several advantages over other battery technologies, including high 

energy density, longer lifespan, low maintenance, and environmental friendliness. These 

advantages have made LIB a popular choice for portable devices, electric vehicles, and 

renewable energy systems. As technology advances, we can expect to see even more 

improvements in LIB technology, making them an even more attractive option for a variety of 

applications. 
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Figure 1.4: Advances taking place in the world of LIBs 

 

Figure 1.5: Applications and uses of LIBs in different sectors of technologies 
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1.2.5. Applications of LIB 

LIB have a wide range of applications in various industries. One of the most significant 

applications is in portable electronics, including cell phones, laptops, tablets, and other devices. 

These batteries provide a lightweight and long-lasting power source that allows users to remain 

connected on the go. LIBs are also commonly used in electric vehicles, providing a high-

capacity energy storage solution for long-range driving [23]. Another growing application is in 

grid-scale energy storage systems, where LIB can be used to store renewable energy generated 

from sources such as solar and wind power [24]. LIBs are also used in medical devices, 

aerospace, and defense applications, where high reliability and safety are critical. The 

versatility and performance of LIB make them a popular choice for various industries and are 

expected to play an increasingly important role in the transition towards a sustainable energy 

future [25]. 

1.3. Safety issues associated with LIB 
Safety issues associated with LIB arise primarily due to their inherent chemical instability and 

the potential for thermal runaway, which can result in fires, explosions, or release of toxic 

gases, and gas evolution. One of the main safety concerns is related to the formation of 

dendrites, which are tiny filaments that can grow on the anode surface and pierce through the 

separator, leading to short circuits and potential thermal runaway. Another safety issue is 

related to overcharging, which can cause the cathode to break down and release oxygen, 

leading to thermal runaway and possible ignition. Furthermore, physical damage or 

manufacturing defects can also result in internal short circuits and potential thermal runaway. 

Manufacturers take various measures to mitigate these risks, including the use of high-quality 

materials, advanced manufacturing processes, and safety features such as protection circuits 

and thermal management systems. It is essential to follow proper charging and handling 

procedures and to use high-quality batteries from reputable manufacturers to minimize safety 

risks associated with LIB [26]. 

1.3.1. Recycling of LIB 

LIBs contain toxic chemicals that can harm the environment, so recycling is essential. The 

process involves collection, sorting, dismantling, shredding, chemical treatment, refining, and 

reuse. Recycling reduces environmental impact, recovers valuable materials, and supports 

sustainability goals [27]. 
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Figure 1.6: Recycling process of LIB from raw material to reuse after processing 

1.3.2. Chemical Instability 

Chemical instability issues in LIB arise due to the inherent properties of the materials used in 

their construction. The electrolyte in LIB typically contains highly flammable organic solvents, 

which can lead to thermal runaway if they come into contact with the high-energy materials 

used in the anode and cathode. Additionally, the use of certain cathode materials, such as 

cobalt, can lead to thermal instability due to their tendency to undergo exothermic reactions at 

high temperatures. LIB are also susceptible to degradation over time, leading to the formation 

of highly reactive materials that can trigger thermal runaway. Manufacturers take various steps 

to mitigate these risks, such as selecting stable materials for the anode and cathode, developing 

stable electrolytes, and implementing thermal management systems. However, the potential for 

chemical instability remains a significant concern, and ongoing research is focused on 

developing more stable and safer battery chemistries [28]. 

1.3.3. Thermal Runaway 

Andrey and colleagues published a review on thermal runaway (TR) in LIB in 2018 [29]. TR, 

which can result in smoke, fire, or explosions, begins in one cell and can spread to neighboring 

cells, causing hazardous outcomes at the system level [30]. Since 1991, the safety concern 

related to the risk of TR has been a significant challenge for lithium batteries. In 2006, batteries 

manufactured by Dell, Lenovo, and Apple were recalled due to incidents of fire and explosions. 
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• Abuse Condition: 

Mechanical abuse can occur when a battery pack is involved in a vehicle collision or 

when it is penetrated. The volume expansion of electrode materials can also result in 

mechanical abuse. In the event of a vehicle accident, the battery pack may deform under 

the impact of an external force, as noted in references [31] and [32]. Such deformation 

may lead to various consequences, such as the breakage of the battery separator causing 

an internal short circuit or the leakage of electrolyte. 

• Electrical Abuse: 

Feng and colleagues have reviewed that the conditions for electrical abuse include 

external short circuit, overcharge, and over-discharge. External short circuit can result 

from improper maintenance, collision, contamination, or water immersion, among 

other causes, as described in reference [33]. During an external short circuit event, the 

battery discharges rapidly and the discharge current exceeds the normal state. The use 

of electronic devices can help mitigate the hazards of external short circuit abuse, as 

noted in reference [34]. Balarkrishnan and colleagues described the use of magnetic 

switches, fuses, and positive thermal coefficient (PTC) devices to overcome the hazards 

of external short circuit. 

• Thermal Abuse: 

Thermal abuse conditions refer to localized overheating and external high temperature. 

Loose contacts of the cell connector are a common cause of thermal abuse. Thermal 

abuse can result in the melting of the separator, the decomposition of electrodes, and, 

ultimately, the occurrence of thermal runaway [35], [36]. 
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Figure 1.7: Thermal runaway process and its causes in LIB 

1.4. Mitigation of TR 
TR is a major safety concern in LIB, and it can lead to hazardous outcomes such as fire, 

explosion, and loss of life or property. To address this issue, various strategies can be employed 

at different levels, including material, cell, and system levels. 

At the material level, intrinsic safety can be increased by modifying the materials used in the 

battery. For example, the use of solid electrolytes or flame-retardant additives can help reduce 

the risk of thermal runaway. The development of more stable electrode materials that can 

withstand high temperatures and pressure can also improve battery safety. 

At the cell level, battery management systems can be improved to protect the system before 

abuse conditions occur. For example, advanced monitoring systems can detect signs of 

overheating or overcharging and take appropriate action to prevent TR. The use of protective 

coatings or barriers can also prevent the spread of thermal runaway to neighboring cells. 
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Finally, at the system level, mitigation strategies can be implemented after abuse conditions 

have occurred. These strategies can include the use of cooling systems, such as liquid or air 

cooling, to reduce the temperature of the battery pack. The use of fire suppression systems, 

such as fire-retardant chemicals or automatic extinguishers, can also help prevent the spread of 

fire and reduce damage to the battery and surrounding structures [37]. 

Overall, the mitigation of TR in LIB requires a comprehensive approach that involves the use 

of various strategies at different levels to improve battery safety and prevent catastrophic 

outcomes [38]. 

1.5. Gas Evolution 
The electrolyte in LIBs is unstable at high voltage level and reacts with electrode materials at 

the interface, leading to gas evolution. This occurs during normal cycling, overcharge, high 

temperatures, and the first charge process [39]. During the first charge process, carbon 

monoxide, hydrogen, and ethylene are mainly evolved. During normal cycling, carbon dioxide, 

carbon monoxide, ethylene, methane, and ethane are released. The gases are generated during 

the oxidation and reduction of electrolyte at the electrode surface. Overcharge conditions lead 

to higher gas release than normal cycling, with O2 and H2 gases being generated at the cathode 

and anode surfaces, respectively. The gases released during storage under high temperatures 

include carbon dioxide at the cathode surface and carbon monoxide at both electrode surfaces 

[40]. 

1.6. Dendrite Growth 
Dendrite growth is a common problem in LIB, which occurs when lithium ions build up and 

form needle-like structures on the surface of the anode. These dendrites can pierce the 

separator, leading to short circuits and potentially catastrophic failure of the battery [41]. 

Researchers are exploring various ways to mitigate dendrite growth, including modifying the 

electrolyte composition, using additives to the electrolyte, and developing new anode materials. 

One promising approach involves using solid-state electrolytes, which could prevent dendrite 

growth by eliminating the liquid electrolyte that allows lithium ions to move freely. Overall, 

addressing dendrite growth is an important area of research for improving the safety and 

performance of LIB [42]. 

1.7. Overcharging Issue 
Overcharging is a critical issue in LIB that can lead to serious safety hazards. When a LIB is 

overcharged, it can cause the battery to overheat and even catch fire or explode. Overcharging 
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occurs when the battery is charged beyond its maximum voltage limit, which causes the lithium 

ions to react with the electrolyte and produce excessive heat. To prevent overcharging, LIB are 

typically equipped with protection circuits that detect when the battery is fully charged and 

stop the charging process. However, these circuits are not foolproof, and overcharging can still 

occur due to faulty circuits, poor battery design, or user error. Therefore, it is important to 

handle LIB with care and follow manufacturer recommendations to avoid overcharging and 

ensure safe and reliable operation. 

1.8. Battery Management System (BMS) 
A BMS is a sophisticated electrical device used to control and keep track of rechargeable 

batteries' performance. This is crucial for high-power applications, like electric cars, where the 

battery must function effectively and securely under a variety of circumstances. The BMS 

functions by continuously tracking a number of battery-related variables, including voltage, 

temperature, and state of charge. The battery's voltage is kept under observation to make sure 

that it remains within a safe range when being charged and discharged. In order to avoid 

overheating, which could harm the battery or possibly be dangerous, the temperature of the 

battery is also monitored. To guarantee that the battery is charged and drained appropriately 

and to avoid overcharging or over-discharging, the state of charge (SOC) is tracked [43]. Based 

on this data, the BMS may regulate the battery's charging and discharging to make sure it 

functions effectively and safely. For instance, the BMS can limit the charging current to prevent 

overcharging if the battery voltage rises too high during charging. Similar to this, the BMS can 

limit the load on the battery to prevent over-discharging if the battery's SOC drops too low 

while discharging. The BMS can also give useful details about the battery's functioning, like 

its capacity, overall health, and remaining life. The battery may be charged and discharged 

more efficiently with the use of this information, which can also be used to determine when 

the battery needs to be replaced [44]. 

Overall, a rechargeable battery's performance and lifespan are greatly enhanced by the battery 

management system. It assures the battery functions safely and effectively and offers helpful 

data about its functionality and state of health. As a result, it plays a crucial role in a variety of 

high-power applications, including electric cars, renewable energy sources, and portable 

devices [45]. 

1.9. Electrolytes 
LIB utilize lithium ions to store and release energy and rely on electrolytes to conduct these 

ions between the anode and the cathode during charging and discharging. There are four main 
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types of electrolytes used in these batteries, including liquid electrolytes, solid-state 

electrolytes, solid polymer electrolytes, and inorganic ceramic electrolytes. 

Liquid electrolytes, which are the most widely used type, are typically composed of lithium 

hexafluorophosphate (LiPF6) and an organic solvent such as ethylene carbonate (EC). They 

offer high ionic conductivity, low resistance, and compatibility with a variety of electrode 

materials. Solid-state electrolytes, on the other hand, are a newer type of electrolyte gaining 

popularity due to their potential to improve battery safety and performance. They consist of 

lithium-ion conducting ceramic materials like lithium phosphate (Li3PO4) or lithium garnet 

(Li7La3Zr2O12) and offer higher safety, improved energy density, and higher stability at high 

temperatures [46]. Solid polymer electrolytes are a type of solid-state electrolyte made up of a 

polymer matrix, such as polyethylene oxide (PEO), and a lithium salt, providing high ionic 

conductivity, good mechanical properties, and improved safety compared to liquid electrolytes 

[47], [48]. Inorganic ceramic electrolytes, made up of an inorganic compound, such as lithium 

aluminum titanium phosphate (LATP), and a lithium salt, offer high ionic conductivity, good 

thermal stability, excellent chemical stability, and less flammability than liquid electrolytes 

[49]. 

Lastly, hybrid electrolytes combine the advantages of both liquid and solid-state electrolytes 

and consist of a solid-state electrolyte coated with a thin layer of a liquid electrolyte. This 

design offers both the safety and stability of solid-state electrolytes and the high conductivity 

of liquid electrolytes [50]. 

In conclusion, the type of electrolyte used in LIB plays a significant role in the performance 

and safety of the batteries. Liquid electrolytes are the most commonly used type of electrolyte 

and offer high ionic conductivity and low resistance. Solid-state electrolytes are a newer type 

of electrolyte that is gaining popularity due to their potential to improve battery safety and 

performance which can overcome the main problems of liquid electrolytes that will allow us 

to manufacture safe and high energy density All solid-state batteries.  

1.10. Problem Statement 
In recent years, the development of NASICON-based solid-state electrolytes such as lithium 

aluminum titanium phosphate (LATP) has gained significant attention due to their potential 

use in high-performance LIB. However, a major challenge in the development of LATP is the 

formation of impurity phases during the sintering process, particularly the common formation 

of AlPO4 phases. The presence of impurities like LiTiPO5 can also significantly reduce the 
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ionic conductivity of the electrolyte. The ideal function of an electrolyte is to provide a smooth 

pathway for the diffusion of Li ions between the cathode and anode, without any electron 

conductivity. Unfortunately, impurity phases, cracks, voids, and narrow lithium channels can 

hinder the flow of Li ions, reducing the overall efficiency of the battery. Moreover, impurities 

present at the grain boundaries can also act as barriers to the movement of Li ions. Therefore, 

understanding the factors that influence the formation of impurities and optimizing the 

sintering conditions is essential for the successful development of high-performance LATP 

electrolytes. 

1.11. Objectives 
Synthesize of a pristine and co-doped LATP (Li1.3+2x+yAl0.3CoxTi1.7−xSiyP3-yO12) with a cost 

effective and simple synthesis method. Co-doping to improve the ionic conductivity and 

provide larger channel paths for the diffusion of Li ion. The physiochemical properties were 

studied by X-ray diffraction (XRD), Scanning electron microscopy (SEM), Tunneling electron 

microscopy (TEM), Fourier-transform infrared spectroscopy (FTIR), X-ray photoelectron 

spectroscopy (XPS), and electrochemical properties by Electrochemical impedance 

spectroscopy (EIS), and battery analyzer. 

Summary 
This section provides an overview of LIB as a means of storing energy, including its history 

and uses. Additionally, safety concerns related to using LIB in high-energy applications are 

explored. Specifically, the phenomenon of thermal runaway is examined, and potential 

methods for mitigating its effects are mentioned. The chapter also delves into the various types 

of electrolytes used in LIB, explaining their functionality and performance metrics. 
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Chapter 2: Literature Review 

2.1. Solid state Electrolytes 
The exceptional properties of solid electrolytes, which are often referred to as superfast ionic 

conductors due to their high ionic conductivity comparable to that of liquid electrolytes (> 10-

2 S cm-1 at room temperature), have led to a surge of interest in solid-state batteries as a safer 

and more efficient alternative to traditional LIB [1].  

LIB with liquid electrolyte pose significant safety risks due to the highly flammable organic 

liquid or polymer electrolytes they use, which have low thermal stability and are easily ignited, 

leading to fire accidents and explosions if handled improperly. To mitigate these safety 

concerns, it is crucial to avoid using highly flammable organic liquid electrolytes altogether. 

All-solid-state batteries (ASSBs) present a viable alternative as they utilize inorganic solid 

electrolytes that exhibit high thermal stability [2]. Additionally, ASSBs offer several other 

benefits, including simplified packaging due to the absence of a liquid electrolyte, resulting in 

reduced weight and increased energy density. Inorganic solid electrolytes are also highly 

electrochemically stable and can accommodate high-potential cathode materials to further 

increase energy density. Lastly, ASSBs possess excellent mechanical properties [3]–[6].  

2.2. Brief History 
All-solid-state lithium batteries (ASSLBs) are a type of rechargeable battery that use a solid 

electrolyte instead of the liquid or gel-like electrolytes used in traditional LIB. The concept of 

solid-state batteries was first proposed in the 1960s, but the development of suitable solid 

electrolytes and electrode materials was a major challenge [7]. 

In the early 2000s, researchers began making significant progress in the development of solid-

state electrolytes, particularly lithium phosphorus oxynitride (LiPON) and lithium 

thiophosphate (Li3PS4). These electrolytes had high ionic conductivity and stability, making 

them suitable for use in solid-state batteries [2]. In 2011, a team of researchers at Toyota Central 

R&D Labs announced the development of an all-solid-state LIB using a sulfide-based 

electrolyte. The battery had a high energy density and a long cycle life, making it a promising 

candidate for use in electric vehicles. Since then, several other companies and research groups 

have been working on developing all-solid-state lithium batteries with improved performance 

and safety features. In 2018, researchers at the University of Texas at Austin announced the 

development of a new solid electrolyte that could potentially double the energy density of 

existing solid-state batteries [8]. 
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While all-solid-state lithium batteries are still in the research and development phase, they have 

the potential to offer several advantages over traditional LIB, including higher energy density, 

faster charging times, and improved safety. As such, they are a promising technology for 

powering the next generation of electric vehicles and other portable electronics. 

2.3. Types Of Solid State Electrolyte 
Solid-state batteries are considered as a safer and more efficient alternative to traditional LIB 

due to the exceptional properties of solid electrolytes. In order to meet the various requirements 

of solid-state batteries, there are several types of Lithium solid electrolytes available in the 

market, such as NASICON, garnet, perovskite, LISICON, LiPON, Li3N, sulphide, argyrodite, 

anti-perovskite, and others [9], [10]. 

Each of these types of solid electrolytes has its own unique properties, which can be utilized to 

address specific requirements of solid-state batteries. For example, garnet-type solid 

electrolytes are known for their high ionic conductivity and excellent electrochemical stability, 

while NASICON-type solid electrolytes are recognized for their high lithium-ion transference 

number and chemical stability against lithium metal [11]. Similarly, LiPON-type solid 

electrolytes are known for their good compatibility with lithium metal, while perovskite-type 

solid electrolytes are recognized for their ability to form good interfaces with lithium anodes. 

this section provides a detailed analysis of the advantages and potential improvements of each 

type of solid electrolyte, to help researchers and industry professionals to make the right choice 

for their specific solid-state battery applications. 

2.3.1. Solid Polymer Electrolytes 

Polymer materials that include salts of lithium are known as solid polymer electrolytes. The 

most extensively researched and first material to incorporate lithium metal salt is Polyethylene 

oxide (PEO). PEO cannot be mixed with a liquid host because it may cause leakage. Despite 

being safe, flexible, and compatible, the ionic conductivity of these electrolytes is very low, 

ranging from 10-6-10-8 S cm-1, and their use in ASSLBs is limited due to poor mechanical 

strength and dendrite growth [12]. Researchers have reported combining polymers with other 

materials to enhance their performance and overcome these limitations. This new form of 

electrolytes is called composite solid-state electrolytes (CSSEs) and are considered as the solid 

electrolytes for future ASSLBs. CSSEs are divided into three types [13]. 

1. Inorganic- organic  

2. Organic-organic  
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3. Inorganic-inorganic 

 

Among these the inorganic/polymer are the most promising and widely investigated 

electrolytes. The following structure of CSSEs are used in LIBs: 

• Polymer matrix incorporating inorganic fillers  

• Polymer filled inorganic 3D framework  

• Composite electrolytes with open framework  

• Layered structures  

2.3.2. Polymer matrix incorporating inorganic fillers 

Depending on their ionic conductivities, inorganic fillers are classified as either active fillers 

or inert fillers. Although the actives have strong ionic conductivities and significant Li+ 

transference numbers, synthesising them is challenging, and they are difficult to tune using a 

polymer matrix. Active fillers are sensitive to CO2 and moisture [14]. The interfacial resistance 

is quite high, the inert fillers have low conductivities, and they are affordable, simple to use, 

and tuneable in the matrix [15]. Adding inorganic fillers to the polymer matrix can enhance the 

ionic conductivity of solid composite electrolytes by reducing crystallinity, improving 

electrode-electrolyte interfacial stability, and increasing cation transfer-ence number. Inorganic 

fillers can be categorized into two types based on their Li ion conductivity: inert and active 

fillers. Inert fillers are typically oxide ceramic fillers that do not transport Li ions. In contrast, 

active fillers are ceramics that have high Li ion conductivity and can be involved in the ionic 

conduction process. The classification of fillers depends on the Li ion conductivity. 

2.3.2.1. Inert Fillers 

In the early 1980s, researchers Weston et al. [16] investigated the effects of adding Al2O3 as a 

filler to the PEO/Li salt electrolyte system in lithium batteries. They found that incorporating 

10 vol.% of Al2O3 greatly improved the mechanical strength and ionic conductivity of the 

electrolyte system. Later on, Croce et al. [17] explored the use of both Al2O3 and TiO2 as fillers 

in the PEO-LiClO4 system. They found that these fillers could act as cross-linking centers for 

the PEO polymer segments, affecting the recrystallization kinetics and decreasing the 

crystallinity of the PEO polymer. This enhancement of ion transport within the PEO polymer 

chains was attributed to the increased amorphous phase and decreased crystalline phase in the 

presence of these fillers. The addition of these oxide ceramic fillers has also been shown to 

increase the electrochemical stability of the electrolyte, which is important for the safe and 
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reliable operation of lithium batteries. Additionally, these fillers have been found to reduce the 

risk of dendrite formation, which can cause short circuits and lead to battery failure. Overall, 

the use of inert oxide ceramic fillers such as Al2O3, SiO2, and TiO2 in lithium battery 

electrolytes has proven to be a promising strategy for improving the mechanical and 

electrochemical properties of the electrolyte system, leading to more reliable and efficient 

battery performance. 

2.3.2.2. Active Fillers 

In contrast to inert fillers, which increase the fraction ratio of filler while decreasing the ionic 

conductivity, active fillers offer strong ionic conductivities, allowing for the addition of 

additional filler material in the matrix [18]. Ga-LLZO, a garnet electrolyte based on gallium, 

creates a space charge area when it is submerged in a polymer matrix, leading to strong ionic 

conductivity. Defects already existing on the Ga-LLZO surface cause this region to form. The 

template solution approach is used to prepare the one- and two-dimensional active fillers. These 

fillers are added to polymer matrices using a variety of synthetic techniques [19]. By calcining 

PVP fibres that include the LLTO electrolyte precursors for perovskites, Liu et al. fabricated 

CSSE via the electrospinning process. The structure's vacancies encourage Li+ ion hopping, 

which raises ionic conductivity [20]. 

 

Figure 2.1: Schematic diagram of incorporation of SiO2 in PEO matrix 

Ceramics of the garnet, NASICON, and perovskite types have lately been reported as active 

fillers. As first reported by Takahashi and Iwahara [21], [22] in 1971, perovskite-type ceramic 

fillers primarily have the structure of ABO3, where A is typically a large cation of Ca, Sr, or 

La and B is typically a smaller cation of transition metal ions of Al or Ti. Larger A ions in 

particular can enhance the ionic conductivity of this type of ceramics [23]. The most significant 
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pervskite-type ceramic was created by Inaguma et al. [24] in 1993 and has the general formula 

Li3xLa2/3-xTiO3 (LLTO). NASICON-type ceramics are a type of active filler that have gained 

attention in recent years due to their ability to transport sodium ions efficiently. Some 

NASICON-type ceramics, such as Li1+xAlxTi2-x(PO4)3 (LATP), can also transport lithium ions. 

LATP has been incorporated into various polymer matrices, including PEO and PVdF-HFP, to 

enhance their ionic conductivity and improve their electrochemical performance as solid-state 

electrolytes for LIB [25], [26]. Another promising type of active filler is garnet-type ceramics, 

such as Li7La3Zr2O12 (LLZO). Garnet-type ceramics have high Li-ion conductivity and 

excellent chemical stability, making them ideal for use as solid-state electrolytes in LIB. LLZO 

has been incorporated into polymer matrices, such as PEO and PVdF-HFP, to improve their 

ionic conductivity and electrochemical performance. LLZO has also been used as a coating 

material for lithium metal anodes to improve their stability and prevent dendrite growth. 

Dendrite formation is a significant problem in lithium metal anodes, and it can cause short 

circuits and lead to battery failure. The use of LLZO as a coating material has shown promise 

in addressing this issue and improving the overall performance and safety of LIB [27]. 

 

Figure 2.2: Perovskite-type structure 

2.3.3. Polymer filled 3d framework 

Polymer matrix can be made more conducive to high ionic conductivity by introducing fillers, 

which reduces crystal formation in the polymeric chain. In order to improve the 

electrochemical performance, numerous researchers are now focusing on inorganic fibres and 

rods [28]. A recent development involves 3D inorganic frameworks filled with polymers, 

which offer more free channels for lithium ion hopping than nanorods and wires [29]. These 

frameworks are created through sol-gel techniques and heat treatments. J. Bae et al. [30] have 
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produced a continuous 3D framework using the sol-gel method and subsequently incorporating 

polymer into the framework, resulting in an ionic conductivity in the range of 8.8×10-5 S cm-1 

at room temperature. 

2.4. Composite electrolytes with open framework: 
The surface area of Metal oxide frameworks (MOFs), which consist of metal centers connected 

by organic linkers, can reach several thousand square meters per gram due to the development 

of void spaces within the coordination network of the organic molecules [31]. These materials 

have been employed in electrochemical systems as catalysts, electrode materials, and 

electrolytes [32] Fleker and colleagues have demonstrated that MOFs, due to their coordinating 

bonds, are nonconductive and have synthesized MOF-activated carbon compositions, where 

MOF nanoparticles in contact with activated carbon exhibit an interesting EPR signal [33]. In 

addition, the MOF's Cu2+/Cu+ redox couple can increase the AC's double-layer capacitance by 

30 %. Yaghi et al. have conducted a comprehensive study on the growth of MOF on graphene 

sets, where zirconium-MOF demonstrated an aerial capacitance of 5.09 μF cm-1 for over 10,000 

charge/discharge cycles [34]. 

In the case of composite solid-state electrolytes (CSSEs), MOFs are typically incorporated into 

a polymer matrix dipped with Li salts. H. Huo et al. have developed a MOF filler-incorporated 

PEO with LiTFSi-based polymer matrix and a cell incorporating this SSE, which exhibited 

high ionic conductivity of 3.65×10-5 S cm-1, higher than the pristine electrolyte compound. 

Research work has been extensively carried out on this type of CSSEs with Mg-tissue 

plasminogen activator (TPA) and Al-TPA-MOF [35]. 

2.4.1. Layered structures 

CSSEs have a layered structure that consists of inorganic fillers in a polymer matrix, providing 

a flexible structure that can detect the advantages and disadvantages of lithium-ion hopping in 

each layer. These structures not only enhance the ionic conductivity and mechanical strength 

but also improve the interfacial contact between the electrode and electrolyte surfaces [36]. 

Based on the work of a group of scientists, the layered structures are mainly classified into 

double-layered and sandwich structures [37] 

In the double-layered structure, a solid interface layer of polymer is situated between the 

inorganic pellet and Li metal anode, which reduces dendrite growth and interfacial resistance 

between the contacts, as illustrated in the figure [38].On the other hand, in the sandwich 

structure, the soft interface of polymer is utilized between both electrodes and the electrolyte. 
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For instance, W. Zhou has synthesized a CSSE comprising a ceramic layer 

(L1.3Al0.3Ti1.7(PO4)3) sandwiched between two polymer layers (PEO and PEMA), which led to 

a decrease in interfacial contact [39]. 

 

Figure 2.3: Types of solid state electrolytes and there advantages and disadvantages 

2.5. Inorganic Electrolytes 
Inorganic electrolytes, also known as ceramic electrolytes, have the ability to conduct lithium-

ions, and they mainly consist of amorphous (glass) and crystalline structures. Among solid-

state electrolytes (SSEs), inorganic electrolytes exhibit high ionic conductivities and thermal 

stability. Li ions' transference number in inorganic electrolytes is almost unity, making them 

single ion conductors. In ceramics, ion conduction occurs through vacancies and interstitial 

sites, as opposed to liquid electrolytes [40]. Inorganic solid electrolytes are classified into 

oxides and sulfides. However, some ceramics, such as lithium halides and lithium hydrides, 

have limitations such as poor contact with the cathode material and low ionic conductivity [41]. 
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One of the most significant properties of ceramics is their electrochemical and thermal stability. 

Although ceramics possess high ionic conductivities and a wide voltage window, some of them 

are not stable at high temperatures, leading to dendrite growth, low electrochemical 

performance, and decomposition. The decomposition of the electrolyte forms a solid electrode 

interface (SEI) layer, which leads to an increase in the voltage window. This SEI layer also 

causes cell aging [42]. 

Research has been conducted to improve the electrochemical stability of ceramic electrolytes. 

For instance, a study by Minami et al. investigated the effect of adding Li2O to 

Li1.5Al0.5Ge1.5(PO4)3 (LAGP) electrolyte and demonstrated the formation of a stable SEI layer 

[42]. Another study by Chatterjee et al. focused on designing sulfide-based ceramic electrolytes 

with improved thermal stability and ionic conductivity by incorporating magnesium into the 

structure [43]. These studies indicate that efforts are being made to improve the stability of 

ceramic electrolytes, making them promising candidates for solid-state batteries [44]. 

2.5.1. Types of SSE’s 

Types of SSE 

(Inorganic oxide SSE) 

Formula References 

Perovskite Li0.35La0.55TiO3 [45]–[50] 

Garnet Li7La3Zr2O12 [51]–[58] 

LiPON Li3PO4 [59]–[63] 

LISICON Li1.4Zn (GeO4)4 [64]–[71] 

NASICON Li1.3Al0.3Ti1.7(PO4)3 [72]–[81] 

Table 2.1: Types of inorganic oxide SSEs 

2.5.1.1. Perovskite-Type SSEs 

Perovskite-type SSEs have been extensively studied due to their potential for use in solid-state 

batteries and fuel cells. These materials have the general formula ABX3, where A and B 

represent metal ions, and X represents an anion, such as oxygen. The most widely studied 

perovskite-type SSEs are La-doped BaTiO3, SrTiO3, and BaZrO3. The crystal structure of 

perovskite-type SSEs involves a three-dimensional network of metal-oxygen bonds formed by 

corner-sharing BX6 octahedra [82]. This structure allows for the efficient transport of ions 
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within the material, which is critical for the high ionic conductivity of these materials. The 

metal ions A and B occupy different sites within the crystal structure, with A typically located 

at the corners of the unit cell and B at the centre. This arrangement creates a tetrahedral void 

in the centre of each octahedron, which can be occupied by other ions, such as lithium or 

sodium, to facilitate ion transport. The high chemical stability of perovskite-type SSEs is 

attributed to their strong metal-oxygen bonds and the absence of free anions. This stability 

makes them attractive candidates for use in harsh environments, such as high-temperature fuel 

cells [83]. 

Perovskite-type SSEs can be synthesized by various methods, such as solid-state reaction, sol-

gel method, and hydrothermal method. Solid-state reaction involves mixing the starting 

materials and heating them at high temperature to form the perovskite-type SSE. The sol-gel 

method involves preparing a solution of the starting materials, followed by drying and heating 

to form the perovskite-type SSE. The hydrothermal method involves heating the starting 

materials in a sealed vessel under high pressure to form the perovskite-type SSE [84]. The ionic 

conductivity of perovskite-type SSEs can be improved by doping with rare earth elements or 

transition metals. Composite formation with carbon materials or metallic nanoparticles can also 

enhance the ionic conductivity of perovskite-type SSEs. The mechanical strength of 

perovskite-type SSEs can also be enhanced by the addition of dopants or sintering at high 

temperature. 

In order to tackle this problem, Chung et al. [85] introduced substitutions of Sn4+, Zr4+, Mn4+, 

and Ge4+ for Ti4+. Their findings indicated that the ionic conductivity was improved by the 

introduction of Mn4+ and Ge4+. However, to prevent the formation of a second phase, only a 

portion of the Ti4+ could be substituted, while the remainder could still be reduced. Thangadurai 

et al. [86] developed a stable perovskite-type solid electrolyte, LiSr1.65Zr1.3Ta1.7O9, which was 

capable of maintaining stability when in contact with lithium due to the stable oxidation states 

of Zr4+ and Ta5+. However, the ionic conductivity of LiSr1.65Zr1.3Ta1.7O9 was found to be 1.3 × 

10−5 S cm−1 at 30°C, which did not meet the requirement of 10−4 S cm−1 for solid electrolytes. 

In order to enhance the ionic conductivity, Chen et al. [87] investigated the composition of Li2x-

ySr1-xTayZr1-yO3 and discovered that Li3/8Sr7/16Ta3/4Zr1/4O3 (LSTZ) displayed the highest ionic 

conductivity, with bulk and grain boundary conductivities of 2 × 10−4 S cm−1 and 1.33 × 10−4 

S cm−1 at 30 °C, respectively. 
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Figure 2.4: Perovskite crystal structure 

2.5.1.2. Garnet-Type SSEs 

Garnet-type solid-state electrolytes SSEs are a promising class of materials for use in solid-

state batteries. The structure of these SSEs is composed of a three-dimensional network of 

corner-sharing BO4 tetrahedra, which form the backbone of the structure. These tetrahedra are 

made up of a central cation, typically a metal such as aluminium or silicon, surrounded by four 

oxygen atoms. The A cations, which are typically smaller than the BO4 tetrahedra, occupy the 

interstitial sites between the tetrahedra, creating an A-site disordered structure[88]. The high 

ionic conductivity of garnet-type SSEs is attributed to the presence of mobile lithium ions in 

the tetrahedral sites of the BO4 framework. These lithium ions are able to move freely through 

the structure, hopping from one tetrahedral site to another, and are responsible for the high 

ionic conductivity of the material [89]. In addition to their high conductivity, garnet-type SSEs 

are also known for their stability, which is important for the long-term performance of solid-

state batteries. Overall, the unique structure of garnet-type SSEs, with their interconnected 

network of BO4 tetrahedra and mobile lithium ions, makes them an attractive material for use 

in solid-state batteries, which have the potential to be safer, more efficient, and longer-lasting 

than traditional liquid electrolyte batteries [90]. Garnet-type SSEs can be synthesized by 

various methods, such as solid-state reaction, sol-gel method, and hydrothermal method. Solid-

state reaction involves mixing the starting materials and heating them at high temperature to 

form the garnet-type SSE. The sol-gel method involves preparing a solution of the starting 
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materials, followed by drying and heating to form the garnet-type SSE. The hydrothermal 

method involves heating the starting materials in a sealed vessel under high pressure to form 

the garnet-type SSE. The properties of garnet-type SSEs can be improved by doping with rare 

earth elements or transition metals. Composite formation with carbon materials or metallic 

nanoparticles can also enhance the ionic conductivity of garnet-type SSEs. 

According to Murugan et al. [91],a new solid electrolyte with a garnet-type structure, 

Li7La3Zr2O12 (LLZO), was developed, demonstrating an ionic conductivity of approximately 

3 × 10−4 S cm−1 at 25 °C. The crystal structure of LLZO was cubic, similar to Li5La3M2O12 (M 

= Ta, Nb) [89].The total ionic conductivity was high due to the grain boundary resistance being 

less than 50% of the total resistance, resulting in a similar magnitude of bulk ionic conductivity. 

Geiger et al. [92] discovered that the tetragonal phase of Li7La3Zr2O12 transitioned to a cubic 

phase at 100–150 °C, and the cubic phase showed higher ionic conductivity than the tetragonal 

phase. Hence, stabilization of the cubic phase at room temperature was deemed critical. 

Experimentally, it was found that a cubic phase could be obtained by sintering Li7La3Zr2O12 in 

an alumina crucible [92]. 

 

Figure 2.5: Garnet crystal structure 

2.5.1.3. LiPON-type electrolytes 

LiPON (Lithium Phosphorus Oxynitride) is a promising material for SSE, which can replace 

conventional liquid electrolytes in rechargeable batteries. The LiPON SSE has attracted 

significant attention due to its unique combination of excellent ionic conductivity, good thermal 

stability, and high electrochemical stability. The structure of LiPON SSE is an amorphous, 



34 

 

non-crystalline material that can be described as a random network of nitrogen, oxygen, 

phosphorus, and lithium atoms. The atomic arrangement of LiPON is not well-defined, and it 

lacks the long-range order and periodicity of crystalline materials. LiPON has a composition 

of Li3.5PO3.7N0.3, which means that it consists of a mixture of Li, P, O, and N atoms in specific 

proportions. The LiPON structure is composed of a three-dimensional network of P-O and P-

N bonds, with Li+ ions occupying the interstitial sites within the network. The Li+ ions are 

essential for the high ionic conductivity of LiPON, as they can easily migrate through the 

crystal structure and carry the charge [93]. 

The LiPON SSE exhibits high ionic conductivity, typically in the range of 10-6 to 10-5 S cm-1 

at room temperature. This high ionic conductivity is due to the presence of Li+ ions in the 

LiPON crystal lattice, which can easily migrate through the crystal structure. Additionally, 

LiPON exhibits good thermal stability, high electrochemical stability, and excellent 

compatibility with Li metal anodes. 

LiPON films were prepared using various methods with different nitrogen doping levels and 

thicknesses. Li et al. [94] used ion beam assisted deposition (IBAD) to prepare LiPON films 

and achieved the highest ionic conductivity of 4.5 × 10−6 S cm−1 at room temperature when the 

nitrogen flow ratio was 1:8. Su et al. [95] prepared high nitrogen content LiPON films with a 

mean ionic conductivity of 4.9 × 10−6 S cm−1 at 22 °C and high transparency. Fujibayashi et al. 

[96] used metalorganic-chemical vapor deposition (MOCVD) to prepare LiPON films with 

ionic conductivities of 5.9 × 10−6 S cm−1 and 5.3 × 10−6 S cm−1 for thicknesses of 190 nm and 

95 nm, respectively. Van-Jodin et al. [97] deposited LiPON films by RF sputtering in two ways: 

without magnetron (non-standard) and with magnetron (standard). 
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Figure 2.6: LiPON crystal structure 

2.5.1.4. LISICON Electrolytes 

Hong et al. reported the discovery of lithium superionic conductor (LISICON), where the 

electrolyte Li1.4Zn (GeO4)4 displayed ionic conductivity of 1.25×10-1 S cm-1 above 100 °C, 

depending on bonding energy and channel size. The structure of LISICON creates weak bonds 

with three Li ions, allowing only two-dimensional movement of Li ions due to parallelogram-

shaped channels. The introduction of interstitial atoms and vacancies improved the ionic 

conductivity, which was initially low [98]. Hue et al. synthesized solid solutions of lithium 

orthosilicate, lithium phosphate and Li4-xSi1-x PxO4, and found the highest ionic conductivity at 

x=0.5 and x=0.4 concentrations of 10-6 S cm-1, by introducing interstitial lithium ions and 

substituting cation Si with phosphorus ion. However, a structural change occurred at these 

concentrations [99]. Song et al. partially doped oxygen O-1 and chlorine Cl-1 to synthesize 

Li10.42Si1.5P.5Cl0.08O11.92 and Li10.42Ge1.5P.5Cl0.08O11.92 electrolytes, and achieved ionic 

conductivities of 1.03×10-5 S cm-1and 3.7×10-5 S cm-1. The large size of Cl-1 increases the 

lattice volume of channels, weakening the bonding between Li and Cl and releasing Li ions for 

conduction [100]. 

2.5.1.5. NASICON Electrolytes 

NASICON-type materials LATP (Lithium Aluminum Titanium Phosphate) have been a focus 

of research in the world of solid-state electrolytes [101].In recent years, LATP has emerged as 

a highly promising SSE, attracting extensive research interest due to its exceptional properties, 
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including high ionic conductivity, thermal stability, and compatibility with cathodes [102]. As 

an ionic conductor with a rhombohedral structure, LATP facilitates lithium ion diffusion, 

allowing for efficient transport of lithium ions. LATP which is derived from LTP has a 

NASICON structure (Rhombohedral) which was first found in NaX2(PO4)3 (X = Ti, Zr, Ge, 

V). The three-dimensional structure is constructed by sharing the top oxygen atom with two 

XO6 octahedral and three PO4 tetrahedral. Herein NaX2(PO4)3 the sodium is replaced with 

Lithium and the X site is replaced with Titanium to form LTP, this NASICON structured 

rhombohedral provides a good pathway for lithium diffusion [103].Li can be found at three 

different sites which are arranged in an order of Alternating patterns [104].The M1 site (Li1, 

6b, six-fold oxygen coordination), the M2 site (Li2, 18e, ten-fold oxygen coordination), and 

the M3 site (Li3, between M1 and M2, four-fold oxygen coordination) are commonly regarded 

as Li's three distinct sites in the NASICON structure [103].The high ionic conductivity of 

LATP is mainly attributed to the presence of lithium ions within the structure, enabling their 

free movement throughout the lattice. Despite the advancements achieved in the development 

of LATP, it still has a lower ionic conductivity than liquid electrolyte-based LIB [105]. 

LiZr2(PO4)3 electrolyte was synthesized with Li ions instead of Na ions, resulting in a 

monoclinic phase at 1200 °C and an ionic conductivity of 3.3×10-6 S cm-1, lower than its Na 

counterpart [106]. At high temperatures, the phase changed from monoclinic to rhombohedral, 

and the conductivity increased to 1.2×10-2 S cm-1. Aono et al. reported on Ti-doped (LTP) 

NASICON type SSE, which showed the highest ionic conductivity among other dopants [107]. 

Kothari et al. reported in the concentration range of x=0.01, 0.03, 0.05, 0.07 the 

Li1.3Al0.3xRxTi1.7(PO4)3 (R=Ga3+, Sc3+, Y3+) NASICON ceramic system demonstrated high 

ionic conductivity [108]. Doping trivalent cations in M+4 site increases the electrochemical 

performance in Li1+xFexHf2-x(PO4)3, Li1+xAlxTi2-x(PO4)3 (LATP), and Li1+xAlxGe2-x(PO4)3 

(LAGP), with ionic conductivities greater than 10-4 Scm-1 [109]. Wang et al. reported the 

affects of Aluminum dope LTP at different temperature ranges [110]. Among these, 

Li1.3Al0.3Ti1.7(PO4)3 displayed the highest conductivity of 7×10-4 S cm-1 at room temperature, 

but Ti+4 reduces in the structure, resulting in low stability. Therefore, Li1+xFexHf2-x(PO4)3 and 

Li1+xAlxGe2-x(PO4)3 demonstrate good stability. Li3PO4 and Li3BO3 doping produced dense 

electrolytes with conductivity of 3×10-4 S cm-1 for LTP-0.2Li3BO3 [111]. 

LATP and LAGP SSEs are widely studied, but LATP suffers from incompatibility with lithium 

metal anode due to the reduction of Ti+4. Two electrolytes were synthesized, LTP and 

Li3Ti2(PO4)3, both exhibiting rhombohedral structures, but with different lithium-ion 
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distribution [62]. LAGP electrolyte was developed by melt-quenching method, with an ionic 

conductivity of 4×10-4 S cm-1 at 25°C [63]. Adding Li2O in the Li1+xAlxGe2-x(PO4)3 LAGP 

structure for x=0.5 increased the conductivity by forming secondary phases of lithium, 

improving the crystallization of glass, with grain and total conductivity values of 1.18×10-3 S 

cm-1 and 7.25×10-4 Scm-1 at RT [64]. The electrolyte was stable at 6 V with excellent 

electrochemical and thermal stability. Higher temperature sintering showed high ionic 

conductivities, but above 900 °C, impurity phase AlPO4 was formed, decreasing the number 

of mobile lithium ions and affecting the conductivity [65]. LAGP shows high ionic 

conductivity, wide voltage window, and excellent electrochemical stability, but its application 

in ASSLBs is limited due to the expensive raw material GeO2 used in the synthesis [66]. 

 

Figure 2.7: NASICON crystal structure 

Summary 
The present chapter presents an extensive survey of the literature on various types of solid-state 

electrolytes used in all-solid-state LIB (ASSLBs). The performance and other relevant 

characteristics of these electrolytes are thoroughly examined. The main focus of the chapter is 

on solid-state electrolytes, with particular attention paid to the progress made in this area. 

Furthermore, the limitations and benefits of oxide-based solid-state electrolytes are discussed 

in detail. 
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Chapter 3: Review on Experimentation and 

Characterization Methods 

3.1. Synthesis Method 
For the proper synthesis of the electrolyte material in the lab, many methods have been devised. 

Among them, some methods require special equipment while others can be performed without 

them. Choice of the synthesis process to form mainly rests on the preferred size, suitable 

properties of the surface, and the kind of material that is concerned such as semiconductors, 

metals, polymers, ceramics, etc. These methods have been researched and improved to increase 

the yield of SSEs, obtain better structural properties and purity. Some of these methods have 

been discussed below: 

3.2. Solid-state method 
Solid-state synthesis is a well-established method for preparing inorganic solid electrolytes. 

The process involves mixing chemical precursors and ball milling, followed by solid-state 

reaction and densification through calcination and sintering at high temperatures (700-1200 ºC) 

for extended periods (>12 hours). The high-temperature treatment is necessary to achieve 

maximum densification and reduce grain boundary resistance, resulting in samples with large 

grains, less grain boundaries, high density, and great ionic conductivity. However, this process 

may cause lithium loss and secondary phase formation, leading to a negative impact on Li-ion 

conductivity [1]. The sintering temperature and time affect the final product's cell volume, 

phase purity, relative density, and ionic conductivity. 

During the solid-state reaction, the chemical precursors react to form the desired LATP phase, 

which is a complex, three-dimensional network of Li+, Al3+, Ti4+, and (PO4)
3- ions [2] .The 

precise reaction pathway and product composition depend on the specific conditions of the 

synthesis process, including the type and amount of precursor materials used, the sintering 

temperature and duration, and the atmosphere in which the reaction takes place.  

Based on the experimental observations, this thesis proposes that the solid-state method of 

synthesizing SSEs results in finely ground powders with improved properties, including good 

interfacial contact, phase homogeneity, and low sintering temperatures. In particular, the study 

found that the grain resistance of LTP samples synthesized using this method remained 

unchanged, but the activation energy decreased and the grain boundary resistance was altered 



52 

 

[3]. These results suggest that the solid-state method may be a promising approach for 

fabricating SSEs with enhanced performance in lithium-ion batteries. 

Overall, the solid-state method is a well-established and widely used technique for synthesizing 

LATP and other solid-state electrolyte materials. While the process can be time-consuming and 

require high temperatures, it offers precise control over the material's composition and 

properties, and can produce highly crystalline, defect-free samples with excellent ionic 

conductivity. 

The solid-state method of material synthesis can be broken down into several key steps, 

including: 

• Selection of suitable material 

• Mixing of the selected materials 

• Formation of pellets from the mixture 

• Thermal treatment of the pellets 

• Analysis of the resulting material 

These steps are essential for achieving the desired material properties and ensuring the quality 

and performance of the final product. 
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Figure 3.1: Flow chart of solid-state synthesis method 

3.2.1. Appropriate material selection: 

To maximize the surface area and promote effective particle contact, the solid-state method 

typically involves the use of fine powders as starting materials. These materials should be 

highly reactive rather than inert, and their composition must be precisely defined from the 

outset. In the case of lithium aluminum titanium phosphate (LATP) solid-state electrolytes 

(SSEs), the starting materials typically consist of lithium hydroxide monohydrate (LiOH.H2O), 

aluminum oxide (Al2O3), titanium oxide (TiO2), and ammonium dihydrogen phosphate 

(NH2H2PO4) [4]. 

3.2.2. Mixing 

Typically, the fine ground materials are mixed thoroughly using a mortar and pestle for a 

duration of 15-20 minutes. However, in the case of oxide materials, a planetary ball milling 

process is used for the mixing step. This technique allows for the creation of a homogeneous 

mixture by subjecting the materials to mechanical grinding and milling within a sealed 

container, which helps to prevent contamination and ensures a consistent particle size 

distribution throughout the mixture. 

3.2.3. Calcination 

The solid-state method involves subjecting the starting materials to a heat treatment process in 

order to decompose certain compounds, form the desired starting material, and produce the 

final product. For example, in the case of LATP solid-state electrolytes, the starting materials 



54 

 

are subjected to a heat treatment process that causes the decomposition of volatile products 

such as carbon dioxide (CO2), water (H2O), and ammonia (NH3). Additionally, the ammonium 

dihydrogen phosphate (NH2H2PO4) undergoes decomposition to produce phosphate ions 

(PO4)
3-, which are necessary for the formation of the final product. 

3.2.4. Pellets formation 

In order to enhance the contact between the reagents and minimize contact with the sample 

crucible, the solid-state method involves the formation of pellets under a specific pressure. To 

hold the materials together in pellet form, an organic binder may be used. This process helps 

to ensure a uniform distribution of the starting materials and promotes the formation of the 

desired product with optimal properties [5]. 

3.2.5. Thermal treatment 

to obtain the desired product from the oxide reaction, the sample is subjected to a sintering 

process at a specific temperature. The temperature chosen is influenced by various factors such 

as Tamman's rule and the potential for volatilization. According to Tamman's rule, the reaction 

will not take place until the temperature reaches two-thirds of the melting point of one of the 

reagents. Additionally, the reaction atmosphere is crucial to the process. 

3.3. Sol-gel synthesis 
Sol-gel method offers an efficient synthetic path for crystalline LATP solid electrolytes using 

a solvent intermediate step to form a colloidal solution and then a gel network, followed by the 

heat treatment for crystallization With the sol-gel method, it is possible to obtain pure materials 

at lower heat treatment temperatures and shorter times compared to solid-state synthesis and 

melt-quenching method. In addition, the solgel method also enables for a large-scale synthesis 

of LATP solid electrolytes [6]. During the sol-gel process, the precursors, the solvents, as well 

as the heat treatment all affect the crystal structure, composition and the conductivity of 

produced solid electrolytes To obtain pure phase and high ion-conduction, these synthetic 

parameters. Pechini process, a modified sol-gel method, is defined by the introduction of an 

alpha-hydroxycarboxylic acid, such as citric acid, to the mixed precursors in aqueous solution, 

which results in the chelation of the solution- i.e. a large and crosslinked network is formed. 

After the polymerization and decomposition in the following heat treatment processes, 

nanosized LATP particles are obtained- typically 20-50 nm [7]. 

Wu et al. synthesized the LATP electrolyte by sol-gel method using organic compounds, the 

conductivity obtained was 1.2×10-4 S cm-1 which is higher than solid-state reaction prepared 

LATP. The extensive and sensitive method of gel formation limits its use in large scale 
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production of ASSLBs [8]. The phosphate ion was not soluble in alcohol solutions therefor, 

Schroeder et al. synthesized the LATP electrolyte by using water and ethanol as solvents for 

gel formation and addition of nitric acid helped in the solubility of phosphate group. The detail 

synthesis procedure by sol-gel method is discussed in figure below. 

 

Figure 3.2: Process Sol-gel method for synthesis of LATP SSE 

3.4. Co-precipitation 
The co-precipitation method is a commonly used technique for the synthesis of fine crystallites 

of desired oxides. It involves dissolving salt compounds of two desired precursors in an 

aqueous solution and then precipitating them through pH adjustment. Subsequently, the 

resulting powders undergo intermediate to high-temperature calcination to produce the desired 

oxides. Although co-precipitation is good for mass production, it is associated with high costs 

due to the required chemicals and secondary phases that can plague the resulting product 

[9]conducted a study that investigated the effects of sintering temperature and holding time on 

the phase purity and ionic conductivity of produced LATP. They found that a sample sintered 

at 900 ºC for 6 hours exhibited the maximum relative density of 97% and the highest Li-ion 

conductivity of 1.83×10-3 S cm-1. This suggests that controlling sintering temperature and 

holding time can significantly improve the quality and performance of the resulting product. 

However, further research is needed to optimize the co-precipitation method and mitigate the 

associated costs and potential issues with secondary phases. 



56 

 

 

Figure 3.3: Process for Co-precipitation method for synthesis of SSE 

3.5. Solvothermal Synthesis 
The synthesis of materials, such as semiconductors, metals, polymers, and ceramics, is 

achieved through various methods, including the solvent-based process. The solvent-based 

process involves using a solvent under moderate to high pressure (between 1 atm and 10,000 

atm) and temperature (from 100 °C to 1000 °C) to facilitate the interaction of precursors during 

synthesis. The hydrothermal process is a specific type of solvent-based process that uses water 

as the solvent, and the conditions are usually kept at the supercritical temperature of water (374 

°C) [10]. 

This method can be used to produce a wide range of material geometries, such as thin films, 

single crystals, bulk powders, and nanocrystals. Additionally, the formation of crystals in 

various shapes such as rods (2D), spheres (3D), and wires (1D) can be controlled through the 

manipulation of the concentration of the chemical of interest, solvent supersaturation, and 

kinetic control. The solvent-based process is a versatile technique that can be used to form 

novel elements that are not easily constructed using other synthetic paths, and it can produce 

stagnant and thermodynamically stable forms [11]. 

Recent advances in the solvent-based process, such as the solvothermal process and the 

production of nanocrystals, have gained significant attention in the last decade. In fact, 80% of 

the literature on the solvent-based process in the past ten years has focused on nanocrystals. 
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This review will emphasize recent advances in the solvent-based process, with a particular 

focus on the solvothermal process and nanocrystalline production. By exploring the latest 

research, this review aims to highlight the potential of the solvent-based process in producing 

novel materials with unique properties and applications. 

3.6. Hydrothermal Synthesis 
The synthesis of materials that require special conditions can be achieved using a specific 

method that allows for control of their structure, morphology, and other properties. This 

method is known as the hydrothermal synthesis and is particularly useful for synthesizing metal 

oxides, halides, and composites that require specific temperature and pressure conditions [12], 

[13]. This method is also effective for producing nanoparticles with characteristic properties. 

Typically, hydrothermal synthesis requires the use of an autoclave device, which allows for 

simultaneous control of temperature and pressure. The significance of this method lies in its 

ability to synthesize a wide range of nanoparticles with upgraded composition, size, structure, 

and chemistry of the surface [13]. Additionally, hydrothermal synthesis is an affordable method 

for synthesizing a wide variety of materials. 

hydrothermal synthesis is a versatile and cost-effective method for synthesizing materials with 

specific properties. This method has proven useful in the synthesis of nanoparticles with unique 

characteristics, such as high surface area and antibacterial activity. Future research in this area 

could focus on expanding the range of materials that can be synthesized using hydrothermal 

synthesis and optimizing the process for specific applications. 

Figure 3.4: Solvothermal/Hydrothermal synthesis of SSE 
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3.7. Pyrolysis 
Pyrolysis is a process that involves the thermal decomposition of organic matter in an oxygen-

free environment, resulting in the production of non-condensable gases, condensable liquids, 

and biochar or charcoal as a residual solid product. This process has been increasingly utilized 

in the synthesis of solid-state electrolytes, which are critical components in a wide range of 

energy storage and conversion devices, such as batteries, fuel cells, and supercapacitors. 

The use of pyrolysis in the production of solid-state electrolytes has several advantages over 

other synthesis methods. First, pyrolysis allows for the production of highly pure and 

homogeneous electrolytes with well-defined chemical and structural properties Additionally, 

pyrolysis can be used to produce solid-state electrolytes with a wide range of compositions and 

morphologies, including nanostructured materials that exhibit improved ion transport 

properties [14]. 

3.8. Characterization Techniques 

3.8.1. X-Ray Diffraction (XRD) 

X-ray diffraction (XRD) is a crucial characterization tool in the field of solid-state chemistry 

and materials science. This method offers valuable information regarding the structural 

properties of materials, including interatomic distances, bond angles, and crystallinity. The 

fundamental principle of XRD is based on the interaction of X-rays with a crystal lattice, which 

allows for the determination of atomic structural arrangements. It uses X-ray radiations that 

pass through the material at an angle to the source. The diffraction angle is calculated, and the 

intensity is recorded. At an angle how many radiations deflect from a specific plane on the 

material gives information regarding its structure morphology [15]. The effectiveness of X-

rays for analyzing atomic structural arrangements is attributed to their wavelength, which falls 

in the 1 x 10-10 m range, similar to the order of magnitude of atomic spacings in crystalline 

solids. When X-rays interact with a crystal lattice, a simple model known as Bragg's law is 

used to understand the necessary conditions for diffraction. Bragg's law states that: 

nλ = 2dsinθ  (eq. 3) 
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Figure 3.5: The Bragg’s Law. 

where λ represents the wavelength of the X-ray, d is the spacing between layers of atoms, θ is 

the angle between the incident X-ray beam and the scattering plane, and n is an integer. 

Consequently, when atoms are arranged in a periodic fashion in crystals, the diffracted waves 

will exhibit sharp interference maxima, or peaks, with the same symmetry as the distribution 

of atoms [16]. Therefore, the diffraction peaks can be utilized to reveal the structural 

information of the crystals. 

The shape and size of the materials unit cell determine directions of likely diffractions [17]. 

The atom's arrangement in the crystal structure affects the diffracted wave intensities. Many 

materials are not one crystal rather are comprised of little, small crystallites in all likely 

directions which are called polycrystalline powder or aggregate. When a material with casually 

focused crystallites is put in an X-ray, the beam will view all available interatomic planes. If 

the experimental angle is scientifically altered, then all the available diffraction peaks from the 

substance will be identified [18]. 

3.8.2. Scanning Electron Microscopy 

A scanning electron microscope (SEM) is a tool used to make images of solid samples and 

determine their elemental composition. The magnification range of an SEM is typically 20X 

to 50X at the low end and up to one million at the high end. SEM images generally show the 

topography of a sample. Backscattered electrons (BSE) can also be used to create images that 

show the composition of a sample, as the number of BSEs emitted is a function of the atomic 

number of the sample. X-rays generated by an SEM can be analyzed to determine the elements 

present in a sample, and if the X-ray data is mapped as a function of spatial position, an X-ray 

map showing the distribution of the elements can be created. However, it is not possible to 

determine the roughness of a sample from a plane view image, as roughness can only be 

determined from a cross-section of the sample. The detection limit for EDS X-ray data is 

typically 0.5% by weight within the X-ray generation volume [18]. 



60 

 

The information of the substance like chemical composition, crystalline structure, external 

morphology (texture), and materials orientation will be revealed signals of the electron beam 

and sample interactions. In various applications, a 2-dimensional image is created that shows 

spatial variations in these properties, and numbers are collected over a particular choice area 

of the sample surface[19]. 

This method is exclusively valuable in semi quantitatively or qualitatively identifying chemical 

contents (by EDS), crystal orientations (using electron backscatter diffraction EBSD), and 

crystalline structure. The SEM is proficient in executing analyses of a specific area or point 

locations on the sample object.  

Its design and function are quite comparable to the electron probe micro-analyzer (EPMA) and 

significant connections in abilities remain between the two devices [20]. 

 

Figure 3.6: Working principle of SEM 

3.8.3. Transmission Electron Microscopy (TEM) 

Transmission Electron Microscopy (TEM) is an invaluable technique for characterizing 

materials at the atomic level with high spatial resolution. It offers a wide range of capabilities, 

including the ability to examine morphology, size distribution, crystal structure, defects, strain, 

and even chemical information. All the information provided by TEM is obtained through 

electron-sample interactions. TEM is a highly effective technique for investigating solid-state 

electrolytes like LATP at the atomic level. With TEM, researchers can obtain critical insights 

into the crystal structure, morphology, and chemical composition of the material, as well as the 

spatial distribution of constituent atoms. Moreover, TEM can provide information on defects 
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and other nanoscale phenomena that may have a direct influence on the performance of LATP 

as a solid-state electrolyte.[21] 

In order to obtain TEM images, the LATP sample must be ultrathin, typically less than 200 nm 

in thickness, to enable the transmission of electrons through the sample. Utilizing TEM 

imaging and analysis, researchers can optimize the synthesis and processing of LATP to 

achieve desirable atomic-scale properties, leading to an enhanced performance of LATP as a 

solid-state electrolyte for advanced battery technologies. Overall, TEM plays a crucial role as 

an analytical tool in the development and optimization of solid-state electrolytes, which have 

the potential to revolutionize the next generation of battery applications. 

 

Figure 3.7: The working principle of TEM 

3.8.4. Energy Dispersive X-ray Spectroscopy (EDX): 

EDS, or energy-dispersive X-ray spectroscopy, is a commonly used elemental analysis 

technique that enables the quantification of individual elements present in a nanoparticle. 

Although EDS provides information on the number of substances present at a specific point, it 

does not give the overall quantity of each element. Typically, EDS is combined with SEM or 

TEM to obtain a nanoscale image of particles, and EDS performs the analysis of that 

nanostructure. 

In the 1970s, EDS rapidly gained popularity and became a commercial product, surpassing 

Wavelength-dispersive spectroscopy (WDS) in terms of usage [22]. The EDS system's overall 
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structure is relatively simple as it does not have moving parts such as the rotation detector in 

WDS. Instead, the sensor gathers the X-ray energy signals from all series elements in a sample 

simultaneously, making EDS systems relatively fast [23]. The characteristic energy dispersion 

resolution of EDS is typically around 150–200 eV, which is lower than WDS resolve. It is 

worth noting that the lightest component that can be identified using EDS is not carbon (Z=6) 

but oxygen (Z=8). However, the significant benefits of low cost and fast analysis make these 

limitations relatively insignificant. 

An EDS band is a graph that shows the relationship between the power of X-rays and the 

corresponding energies. This graph can capture both light and heavy elements in a spectrum 

ranging from 0.1 to 10-20 keV because both the M or L lines of heavy elements and K lines of 

light elements are visible in this range[24].      

 

Figure 3.8: The working principle of EDX 

3.8.5. Fourier Transform Infrared Spectroscopy (FTIR) 

In the field of lignin chemistry, infrared (IR) spectroscopy has been a commonly used analytical 

tool since the 1950s. While dispersive instruments were previously used to record spectra, 

FTIR spectrometers have become more readily available in recent years. FTIR spectroscopy is 

advantageous in various specialized areas such as microanalysis, analysis of aqueous solutions 

or dark solid-state samples, quantitative evaluation, and process or quality control 

measurements due to its high sensitivity and fast analysis time[25]. 

In FTIR spectroscopy, an interference wave interacts with the sample as opposed to a dispersive 

instrument where the interacting energy has a well-defined wavelength range. The most 
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common type of interferometer used is the Michelson interferometer. A computer controls the 

interferometer, collects and stores data, and performs Fourier transformation as well as post-

spectroscopic operations such as spectral presentation and resolution enhancement. In FTIR 

spectroscopy, a collimated light beam from the IR source is divided by a beam splitter in the 

Michelson interferometer, with one half of the beam being reflected from a fixed mirror and 

the other half from a moving mirror. The two light beams recombine after returning from the 

mirrors to form an interference wave, which then passes through the sample and is modified 

by its interaction with the sample. The modified light is received by a pyroelectric detector, 

and the analog signals are digitized by an analog-digital converter (ADC) and stored in the 

computer. Laser technology is used to provide a reference for the mirror's position during the 

scan and to govern the collection of data points as a function of the mirror's movement.[26] 

 

Figure 3.9: The Working principle of FTIR 

3.8.6. Xray Photoelectron Spectroscopy (XPS): 

Understanding the surface chemical composition, structure, and interface is critical in 

evaluating the corrosion properties of materials in different environments. To probe nanoscale 

surface layers, tools like XPS are necessary [27]. XPS provides chemical composition and 

elemental information for surfaces within 10 nm, with detection sensitivity of 0.1-1 at.% for 

all elements except H and He, making it a unique tool for surface characterization, particularly 

for corrosion evaluation. XPS is useful in studying surface reactions under vacuum, including 

the passivity of films at surfaces and their breakdown in an aqueous environment, their 

adhesion, mass transport, and selective oxidation phenomenon. XPS has helped understand the 

role of Cr and Mo elements in stainless steels and the mechanism of passivity [28]. However, 

XPS has limitations in analyzing films with a thickness greater than 10 nm, leading to artifacts 
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like preferential element etching, oxidation state modification, ion doping, and atom mixing 

during ion beam sputtering used to measure film thickness. Additionally, surface charging in 

insulating specimens may cause peak shift, broadening, and asymmetry, resulting in complex 

or inaccurate analysis.[29] 

Combining XPS with ion-beam etching enables detailed depth profiling and line profiling 

elemental composition analysis [30]. XPS uses the quantity and kinetic energy of electrons to 

measure the chemical states of elements, requiring high vacuum (106 Pa) or ultra-high vacuum 

(107 Pa), while ambient pressures (ten millibars) can also be used [31]. XPS is often used to 

construct empirical formulas due to its good quantitative precision for homogeneous solid-state 

materials[32]. However, absolute quantification requires the use of certified reference samples, 

which is more challenging and less common. The computed atomic percent values from the 

primary XPS peaks have a quantitative accuracy of 90-95% for each peak under ideal 

conditions, making quantitative accuracy critical for proper reporting of data [33]. 

 

Figure 3.10: The Working principle of XPS 

3.8.7. Electrochemical Techniques 

Electrochemical Impedance Spectroscopy (EIS) is a highly sensitive and non-destructive 

characterization technique that is used to determine the electrical response of chemical systems. 

EIS systems use low amplitude alternating current (AC) voltages over a range of frequencies 

to establish the time response of chemical systems. The technique is performed using an 

electrode setup consisting of a working, reference, and counter electrodes, where a known 

voltage is passed from the working electrode through an electrolytic solution and into the 

counter electrode. EIS produces quantitative measurements that enable the evaluation of small 

scale chemical mechanisms at the electrode interface and within the electrolytic solution, 

making it useful in various research fields such as batteries and corrosion. 

To obtain the electrical response of an electrolytic solution, an electrochemical cell is utilized 

and connected to an electrochemical spectrometer. EIS systems require specific computer 
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programs designed for EIS testing and all system components should be acquired before 

conducting an EIS experiment. Typically, EIS studies utilize a three-electrode mode consisting 

of a working electrode (sample material), a counter electrode (commonly graphite or platinum), 

and a reference electrode. Although electrode geometries may differ, the experimental setup 

generally follows a similar procedure. 

The three electrodes are placed on an electrode stage and secured, and the electrolytic solution 

is prepared and transferred to the sample container. The sample container should be composed 

of an insulating material, such as glass or plastic, to prevent the interference of additional 

electron pathways during experimentation that may lead to a reduction in the EIS current 

response. The electrode mount is then placed on the sample container so that a portion of each 

electrode is submerged in the electrolytic solution [34]. 

 

Figure 3.11: Schematic of EIS working  

This technique of electrochemical workstation allows us to measure the resistivity of our 

system. This includes resistance of electrolyte, ohmic loss and or activation losses. Electrical 

resistance is the measure of the of a circuit element that resists current flow. 

R=E/I  (eq. 4) 

According to Ohm's law, R is the resistance which is defined as the ratio of voltage (V), and 

current (I) [35]. This known law use is limited to only one circuit element, the ideal resistor. 

An ideal resistor has several simplifying properties: 
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• Ohm's Law is followed at every range of current and voltage. 

• Resistance is not dependent on the frequency. 

• The voltage passing through a resistor and the AC current are in a single phase. 

  

 

Figure 3.12: Image of a complex number in the complex plane 

 

 

Figure 3.13: EIS Profile (Nyquist Plot) 

Summary 
In this chapter, the different chemical synthesis methods used for material synthesis are 

discussed in detail. The solvothermal method involves the use of a solvent at high temperature 
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and pressure to promote chemical reactions and crystallization of the material. On the other 

hand, the hydrothermal method involves the use of water as a solvent under high temperature 

and pressure to form materials with unique properties. 

Following the discussion of synthesis methods, the chapter dives into the various material 

characterization techniques employed in this study. XRD is used to determine the crystal 

structure and phase of the material, while SEM and TEM provides information on the surface 

morphology and microstructure. EDS is used to determine the elemental composition of the 

material, and FTIR to identify functional groups present in the material. 

Moreover, the chapter provides a comprehensive explanation of the electrochemical testing 

process implemented in this study. The electrochemical performance of the material is then 

determined using a three-electrode system. Overall, this chapter provides a detailed 

understanding of the experimental methodology used in this study, which helps to establish a 

foundation for the subsequent analysis and interpretation of the results. 
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Chapter 4: Methodology and 

Experimentation 

4.1. Chemical procurement 
Precursors were procured from different chemical companies with analytical grade purity. The 

precursors used for the synthesis of pristine and co-doped LATP were LiOH.H2O 

(98%,Scharlau), Al2O3(99%,Daramata), TiO2(99%,Sigma Aldrich), and NH4H2PO4(98%, 

Sigma Aldrich) Doping precursors included SiO2(99%, Daejung) and CoCl2. 6H2O( (99%, 

Daejung).  

4.2. Material Synthesis 
The synthesis process for doped LATP was a simple solid-state reaction with all precursors 

being oxides. included LiOH.H2O (98%,Scharlau), Al2O3(99%,Daramata), TiO2(99%,Sigma 

Aldrich), and NH4H2PO4(98%, Sigma Aldrich) Doping precursors included SiO2(99%, 

Daejung) and CoCl2. 6H2O(99%, Daejung) . All the doping elements have a similar ionic radius 

(Co2+ 0.745 Å), (Si4+ 0.41 Å), and (Ti4+ 0.60 Å), (P5+ 0.34 Å), respectively. Weighted precursor 

stoichiometric ratios were initially combined and mashed in mortar pastel. First, the combined 

powder was dried for 4 hrs. at 80 °C. The dried powdered precursors were placed in a metal 

chamber containing 18 steel balls of 3mm – 20mm, and the powder was ball milled for 6 hrs. 

at 500 rpm to mechanically activate it and produce uniformly sized particles. The mixture was 

calcined in a muffle furnace for 3 hrs. at 500 °C with an 8 °C/min ramp rate. After allowing 

the powder to cool to room temperature The calcined powder was pulverized again in mortar 

pastel for 20 minutes. A fine powder was obtained and then calcined for 4 hrs. at 800 °C. The 

powder was then crushed again in a mortar and pestle and passed through a 72 µm sieved 

before being formed into pellets with a diameter of 10 mm and a thickness of 1.2 mm using a 

hydraulic press. The pallets were sintered in a muffle furnace with continual air to generate 

dense, compact pallets. 
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Figure 4.1: Schematic representation of methodology followed 

Configuration Li1.3+2x+yAl0.3CoxTi1.7−xSiyP3-

yO12 

Name 

Pristine LATP (x = 0, y = 0) Pristine LATP 

LATP co-doped (x = 0.01, y = 0.05) LATP-0.01 

LATP co-doped (x = 0.02, y = 0.05) LATP-0.02 

LATP co-doped (x = 0.04, y = 0.05) LATP-0.04 

LATP co-doped (x = 0.06, y = 0.05) LATP-0.06 

LATP co-doped (x = 0.08, y = 0.05) LATP-0.08 

Table 4.1: Configurations and names 

4.3. Material Characteristics 

4.3.1. X-ray diffraction (XRD) 

X-Ray diffraction analysis was conducted on a D8 advance Burker instrument to determine the 

phase and evaluate the crystallinity of the sample. The analysis utilized Cu anode K alpha 

radiation (lambda = 1.5406 Å) at a voltage of 40 kV and current of 30 mA, with a step size of 

0.020 and a range of 10 to 70 degrees. 
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4.3.2. Fourier transform infrared spectroscopy (FTIR) 

The covalent bond formation in the material was studied using Fourier transform infrared 

spectroscopy (FTIR, Agilent Cary 630) with a spectral range of 4000 to 650 cm-1. 

4.3.3. Scanning electron microscopy (SEM) 

The electrolyte morphology was observed using Secondary electron microscopy (SEM, FE-

SEM, Hitachi) with a platinum coating to enhance conductivity. 

4.3.4. Transmission electron microscopy (TEM) 

Transmission electron microscopy (TEM, FEI Technia G2 F20) was employed for in-depth 

structural analysis. 

4.3.5. X-ray photon spectroscopy (XPS) 

The elements present in the sample and their states were studied using X-ray photon 

spectroscopy (XPS, PHI 5000 VersaProbe Ulvac-PHI, Japan) with a monochromatic Al-Kα 

source. 

4.4. Electrochemical impedance spectroscopy 
To investigate the AC impedance of the pallets formed, chemical instruments CHI660E 

potentiostate (Shanghai Chenhua Co., Ltd.) was employed. Prior to the characterization, a thin 

layer of silver was coated on the pallets using a vacuum sputter coater. To avoid short-

circuiting, the sides of the pallets were covered with carbon tape during the deposition. The 

pallets were then secured using a spring and four screws in a swag-lock. For testing the pallets, 

a two-electrode system was employed with a frequency range between 0.01 Hz to 1 MHz and 

an amplitude of 70 mV. The solid-state electrolyte resistance was determined by analyzing the 

data obtained from the electrochemical impedance spectroscopy (EIS) and constructing an 

equivalent circuit. The ionic conductivity was then calculated using Equation 1. 

𝜎 =
4𝑡

𝜋𝑑2𝑅
                                   (𝑒𝑞. 5) 

Where “t” is thickness of the electrolyte pallet (cm), “R(ohms)” donates the total resistance in 

the electrolyte, and “d” is the diameter of the pallet (cm). 

Summary 
The current chapter presents a comprehensive account of the experimental methodology 

employed during the research. The chapter elaborates on the synthesis procedure for pristine 

and co-doped lithium aluminum titanium phosphate (LATP), as well as the various techniques 

used for their characterization. Furthermore, the chapter provides detailed information about 
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the electrochemical testing techniques utilized, including the parameters involved and the 

electrochemical workstation used for the testing. 
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Chapter 5:  Results and Discussion 

5.1. Structural Analysis 

The prepared samples with silicon doping and different cobalt doping were synthesized using 

solid-state route. XRD was applied to analyze the phase developed and crystallinity of the 

series. Figure 1 illustrates the pristine LATP as well as the cobalt/silicon doped series. Our 

analysis of the pristine LATP indicates that we have successfully obtained a rhombohedral 

structure that matches perfectly with the JCPDS of LTP. This finding suggests that our 

synthesis method was successful in producing LATP, which is a critical component for the 

performance of our material The XRD pattern of Co-doped LATP in the range of 20.5° to 21.1° 

and 23.5º to 25.5º was examined. The results showed that in Fig. 1 (b), LATP-0.01 shifted 

slightly to the left in the investigated plane, indicating Co incorporation, while LATP-0.02 did 

not shift, indicating no Co incorporation. In Fig. 1 (c), LATP-0.02 shifted to the right, 

indicating Co incorporation, while no shift was observed in LATP-0.01. The results suggest 

that Co incorporation in LATP affects its lattice structure in a plane-specific manner. The peaks 

of the pattern shifted gradually towards the left with an increase in Co content, indicating that 

the Co doping causes the expansion of the crystalline lattice due to its larger radius. However, 

as the doping concentration exceeded 0.04, the peaks shifted towards the right, suggesting a 

decrease in the solubility of Co2+ in the LATP system; the lattice sites cannot accommodate all 

the cobalt ions, and the excess ions accumulate on the surface of the crystal. The optimal 

amount of Co2+ may provide more channels for the transfer of lithium ions, thereby enhancing 

the ionic conductivity of solid electrolytes. These findings highlight the importance of 

controlling the doping concentration of Co in LATP to improve the performance of solid 

electrolytes[1], [2].  Peaks associated with LiTiPO5, which acts as an impurity phase, can be 

found in pure LATP around 27° to 28° degrees, however after silicon and cobalt doping, this 

impurity phase fades showing lower intensity, demonstrating that co-doping causes a decrease 

in the impurity phases. Herein an orthorhombic impurity phase can be observed of AlPO4. 

These impurity phases are very common among these ceramics and are mostly unavoidable[3], 

[4]. These AlPO4 phases have been observed to develop during the ball milling process in the 

solid-state method, as validated by XRD analysis of Pure LATP that has been ball milled. 

Simultaneously, the other is sintered without ball milling, demonstrating that ball milling 

promotes the formation of these AlPO4 instances, which is also supported by prior research . 

However, ball milling is an important and obligatory step in our synthesis process to create 

small and uniform particle size, which will increase our ionic conductivity. Additionally, even 
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though the development of this amorphous impurity phase reduces total ionic conductivity, it 

improves the densification of the pallets [5]. As shown, the peak shift into smaller values in 

XRD, serve as evidence that cobalt has been impregnated into the crystal structure of LATP. It 

was believed that these phenomena resulted from the precipitation of too many cobalt particles 

into the matrix, which causes the lattice to contract as having a lower lattice constant. When 

sulfur was doped with a different concentration, a similar phenomena was observed, with sulfur 

having a lower lattice constant, causing the peaks to shift to the right [6]. After silicon doping, 

silicate phases have emerged have also been described in the earlier study. These silicate phases 

improves the compaction density of solid electrolytes by the formation of the SiO2 second 

phase, which tends to form amorphous silicate at the grain boundary and can bind the grains 

together[7]. The binding of grain boundaries due to the formation of SiO2 can help in the 

transfer of lithium between the grain boundaries which in terms decrease the grain boundary 

resistance. 

 

Figure 5.1: (a) XRD patterns for Pristine Li1.3Al0.3Ti1.7(PO4)3 and doped samples of 

Li1.3+2x+yAl0.3CoxTi1.7−xSiyP3-yO12 series at (x = 0 - 0.08) and (y = 0.05) concentration. (b) 

is the  Partial enlargement of (a) range from 23.5º to 25.5º to investigate Cobalt doping 

on lattice structure of LATP 

5.2. Absorption Analysis 
FTIR analysis was carried out to study the bonds formed in Pristine and co-doped LATP as 

shown in Error! Reference source not found.. The P-O bond stretching vibrations in PO4 

tetrahedra are responsible for the LATP band observed at 1014 cm-1 and 972 cm-1 [8]. The peak 

observed at 1232 cm-1 is linked to the stretching of P-O bond. Additionally, a slight peak at 796 
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cm-1 was discovered in samples of LATP-doped silicon that can be attributed to the symmetric 

stretching vibration of the Si-O-Si silanol bridge[9]. In addition, the creation of Si-O-Si bonds 

can also be observed by the peak between 1050 and 1200 cm-1[10]. There are many intensity 

peaks near 660-721 cm-1 because of the Ti-O stretching vibration of the TiO6 octahedron[11]. 

Peaks around 3200-3500 cm-1 are associated with O-H stretching vibration caused due to some 

moisture being observed by the material. 

 

Figure 5.2: FT-IR spectra of pristine LATP and co-doped LATP 

5.3. Compositional analysis 
We have carried out XPS research to investigate the oxidation state and the elemental contents 

of the synthesized LATP powders. Firstly the Pristine LATP was analyzed shown in Error! 

Reference source not found. (a) which shows a general spectrum indicating the existence of 

base elements with respective orbital energy levels Li 1s, Ti 2p, Al 2p, P 2p, and O 1s elements. 

The peaks in survey spectra of co-doped material LATP-0.04 Error! Reference source not 

found. (a) shows peaks of Li 1s, Al 2p, P 2p, Ti 2p, O 1s and Si 2p, Co 2p confirm the main 

composition of the sintered sample, which is well consistent with the results of the EDX 
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analysis. Error! Reference source not found. (b-h) shows the deconvolution spectrum 

obtained by XPS of LATP-0.04. The two peaks of Ti 2p3/2 and Ti 2p1/2 at 459.79 and 465.73 

eV, respectively, in the high-resolution XPS spectra of Ti 2p can be attributed to Ti4+ ions in 

an oxygen environment[12]. As reported, the observed titanium peaks differ by 2.0 EV[13]. 

The phenomenon is caused by the ease with which the Ti-O bond can become polarized by the 

induced effect of the P-O bond present in the LATP-0.04 sample system[14]. The high energy 

XPS of oxygen reveals that its peak is deconvoluted into two peaks indicating two different 

chemical environments of oxygen: the non-bridging oxygen (NBO) peak at 531.37 eV and the 

bridging oxygen (BO) peak at 532.99 eV [2]. Two peaks for Phosphate can also be identified 

at 133.69 eV and a small shoulder peak at 133.76 eV corresponding to 2P1/2 and 2P3/2 

respectively. Cobalt peaks can be seen at 781.67 eV and 797.54 eV, with the peak at 781.67 

eV corresponding to the Co 2p3/2 state and the peak at 797.60 eV corresponding to the Co 

2p1/2 state which indicates the presence of Co3O4. The presence of cobalt peaks in our material 

confirms that Co has been successfully doped into its lattice structure. At 103.06 eV, a silicon 

peak was observed, indicating that silicon exists in 2p states and has been successfully doped. 

Due to the lower aluminum concentration, the aluminum peak seems to be smaller. It can also 

be seen that the Aluminum peak deconvolutes to only one peak at a binding energy of 74.88 

eV, which corresponds to Al+3. This shows that in the LATP spectrum, Al only exists in one 

valance state[15]. 
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Figure 5.3: XPS survey spectra (a) LATP Pristine, and LATP-0.04 doped LATP. 

Deconvoluted Spectra of LATP-0.04 (b) Lithium, (c)Titanium, (d) Phosphate, (e) 

Oxygen, (f) Cobalt, (g) Aluminum, and (h) Silicon 

5.4. Morphological analysis 

5.4.1. SEM Analysis 

SEM micrographs were used to analyze the surface morphology of our as prepared powder 

samples shown in Error! Reference source not found. (b, d). The Pristine LATP synthesized 

via the solid-state technique has a regular cubical structure. In contrast, our doped sample has 

a slight random cubical pattern, but the particle’s strong coalescence of the grains obscures any 

imperfections or intraparticle pores. Particle size has increased slightly, which can be seen in 

the histogram Error! Reference source not found. (b, d) showing the particle size distribution 

of the Pristine and LATP-0.04. The existence of agglomerated particles on the surface of our 

sample can be attributed to the presence of impurities such as AlPO4, LiTiPO5, or pollutants in 
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the electrolyte, which can form small particles on the surface during processing or storage[16]. 

These agglomerated particles are observed to increase when we dope silicon, which is due to 

the fact that as we dope silicon into our crystal structure, it creates SiO2, the existence of which 

has also been confirmed by XRD[17]. Although SiO2 is considered an impurity phase, it can 

fuse the grains during the sintering process, as previously stated, which densifies our 

pallets[14]. Additionally, the presence of defects in the crystal structure of the electrolyte, such 

as voids or cracks, can also attract small particles to the surface. It is also possible that these 

small particles that appear in morphology are secondary particle or debris coming from the 

sample preparation process and not related to the electrolyte itself. As observed in our SEM 

photos, debris can accumulate onto the material during the calcination process, in which 

material is placed in the muffle furnace, which is insulted using refractory brick containing 

calcium. This is supported by EDX SEM (supplementary data), showing the presence of 

calcium in our material. 

5.4.2. TEM Analysis 

We used TEM at low and high resolution to investigate the phases formed further and confirm 

that they are well aligned with our XRD, as shown in the Error! Reference source not found. 

(a). According to low-resolution TEM, The particle size is around 500 to 600 nm Error! 

Reference source not found. (a). Furthermore, we can examine the phases formed using high-

resolution TEM Error! Reference source not found. (a), which allows us to see lattice fringes 

with varying lattice spacing. The fringes with a lattice spacing of 0.42nm correspond to the 

(104) plane, while the other planes observed had lattice spacings of 0.60 and 0.36 nm, 

corresponding to the lattice planes (012) and (113), respectively[18]. These planes are perfectly 

matched with our material's XRD. The selected area electron diffraction (SAED) pattern 

obtained using TEM of the LATP particle depicts a NASICON-based structure consistent with 

the XRD pattern[19]. The elements of Co, Si, Al, Ti, O, and P were further confirmed by the 

EDX spectrum; moreover, as demonstrated by the EDS of the LATP LATP-0.04 particle Figure 

5.5:  (i-vii), these elements were uniformly dispersed in the nanosheets. Error! Reference 

source not found. is used to demonstrate the atomic composition of elements contained within 

the sample. Analysis of the concentration reveals that the doping of Cobalt at the Titanium site 

reduces the atomic percentage of Aluminum. As the concentration of Co is increased, there is 

a possibility that it may displace Li ions and limit the number of available sites for Al 

substitution. This can result in a reduction of aluminum in the NASICON phase, and an 

increase in the ALPO4 phase impurity, which is also evident from XRD analysis where the 
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intensity of AlPO4 impurity increases slightly with an increase in cobalt doping [20]. This 

decrease is interpreted as evidence of successful doping of Cobalt at the Titanium site. The 

decline in the concentration of Phosphorus and Oxygen can also be attributed to the doping of 

Silicon at the Phosphate site. The reason behind lithium not being detected can be attributed to 

the fact that lithium has a low atomic number (Z = 3) and a relatively small electron cloud, 

which makes it difficult to detect using EDS. In general, EDS is better suited for elements with 

higher atomic numbers (e.g. Z > 6). 

 

Figure 5.4: TEM and SEM analysis (a) HRTEM analysis of LATP-0.04 doped LATP, 

(b) SEM 5 µm resolution image LATP, (i) Particle Size distribution of LATP, (c) SEM 5 
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µm resolution image LATP-0.04 doped LATP, (ii) Particle Size distribution of LATP-

0.04 doped LATP 

 

Figure 5.5: (a) EDX Particle, (b) EDX pattern of LATP-0.04, and corresponding EDX 

elemental mapping images (i-vi) of LATP-0.04 

 

Sample Atomic Percentage % 

 Al Ti Co P O Si 

LATP  1.85 4.74 - 15.43 77.98 - 

LATP-

0.04 

0.14 5.42 0.28 11.90 81.92 0.35 

Table 5.1: Atomic Composition from TEM EDS 

5.5. Electrochemical Performance: 
To determine the ionic conductivity of the series, we measured the electrochemical impedance 

spectra (EIS) for both pristine and co-doped LATP shown in the Error! Reference source not 

found.. A semicircle can be seen in the impedance spectra at high frequencies, and an oblique 

line can be observed at low frequencies. The angled line depicts lithium-ion diffusion through 

the blocking Au electrodes. The diameter of the semicircle represents charge transfer resistance 
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in the same way that the left intercept at the high-frequency zone represents grain resistance. 

Therefore, the overall impedance (R) determined in this study encompasses the resistance 

within the grains (Rg) and the resistance of charge transfer (Rct), resulting in a total impedance 

equal to R = Rg + Rct [21]. Due to the limits of the electrochemical workstation test frequency, 

the grain resistance region at high frequency cannot be exhibited. The resistance values for Rg 

and Rct measured at room temperature, as presented in the Error! Reference source not 

found., were acquired through the adjustment of the Nyquist plot to the corresponding circuit 

diagram found in the supplementary information[22]. 

 

 

 

 

 

 

Table 5.2: Resistance measurements from the circuit fitting (Randall’s circuit) of EIS. 

Grain Resistances (Rg), Charge Transfer Resistances (Rct), and Ionic Conductivities of 

Pristine LATP and Doped LATP 

 

 LATP LATP-

0.01 

LATP-

0.02 

LATP-

0.04 

LATP-

0.06 

LATP-

0.08 

Rg(Ω) 1698 2579 3394 1624 2673 3416 

Rct(Ω) 9645 1.94 x 104 2.19 x 105 5445 1.28 x 105 1.72 x 105 

Ionic 

Conductivity 

(S cm-1) 

2.19 x 10-

5 

1.76 x 10-

5 

1.73 x 10-

6 

5.45 x 10-

5 

2.97 x 10-

6 

2.21 x 10-

6 
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Figure 5.6: Impedance spectra of LATP prepared with different Co ratios and LATP 

Pristine. 

The doping of silicon shows a new phase of SiO2. As mentioned in XRD analysis, the phase of 

silicon oxide emerging with silicon doping exhibits an increase in ionic conductivity, which 

several studies have attributed to SiO2 silicate accumulating at the grain boundary, which may 

bind the grains together and increase the compaction density of solid electrolyte [23][24]. 

Additionally, this phase might make it simpler for Li+ ions to travel from the grain core to the 

grain boundary phases, increasing the ionic conductivity of the grain boundaries. The Nyquist 

plot is shown in the figure; the table displays the values obtained for Rs, Rct, and the ionic 

conductivities of LATP with co-doping. The total conductivity is dominated by lithium-ion 

conduction across the grain boundary, which initially decreased and subsequently rose with the 

addition of cobalt. The analysis revealed that the maximum value of the measured parameter 

was observed at a doping concentration of 0.04, but beyond this concentration, a decrease in 

ionic conductivity was noted as the doping concentration increased. This decrease is due to the 

accumulation of non-lithium ion conducting excess CoO phases at the grain boundaries, which 

obstruct lithium ion conduction[25]. Electrochemical impedance spectroscopy reveals that 

LATP-0.04 has the lowest impendence value of 5.45 x 10-5 S cm-1. This can be interpreted due 

to the fact that the binding force of dopant ions to Li+ ions can be reduced by a lower-valence 

cation occupying the Ti (Al) site, due to which Li+ ions can easily to move past bottlenecks 

because they have fewer electrostatic interactions. The XRD analysis results are well aligned 
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with our EIS analysis which suggests that doping with Cobalt can enhance the ionic 

conductivity of LATP material. However, the degree of doping is critical as indicated by the 

peak shift observed in the analysis. Cobalt doping at 0.04 showed improved ionic conductivity 

as demonstrated by the peak shift to the left. Conversely, over-doping is not recommended as 

it can lead to a decrease in ionic conductivity as demonstrated by the peak shift to the right in 

LATP-0.02, LATP-0.06, and LATP-0.08. These findings have important implications for 

optimizing the doping strategy for enhancing the ionic conductivity of LATP material. 

Therefore, a balanced Cobalt doping concentration is crucial for optimizing the electrochemical 

properties of the LATP material for potential use as a solid electrolyte. Additionally, the 

channel size of Li+ ion migration can be optimized by using the right doping content[26]. 

5.6. Cell Testing 

Figure 5.7: (a) Polarization cycling test for 100 hours (b) EIS of LATP-0.04 before and 

after cycling 

An investigation was conducted on the interfacial stability of a Li|LATP-0.04|Li symmetric 

cell through polarization testing using a consistent current density of 0.1 mA cm−2. Our results 

show that Li|LATP-0.04|Li symmetric cell based on LATP demonstrates smaller polarization 

of 0.05 mV. It was noticeable that there were voltage fluctuations occurring during the 

processes of Li intercalation and deintercalation. One possible explanation for these voltage 

fluctuations is the incomplete formation of a solid electrolyte interphase (SEI), which may 

result in a somewhat unstable interfacial compatibility between the lithium metal electrode and 

the solid-state electrolyte (SSE) [27], [28]. 
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Summary 
In this chapter, a comprehensive discussion is provided regarding the research results. The 

obtained results of XRD, SEM, TEM, EDS, FTIR, and XPS characterization techniques are 

presented and justified with reference to previous studies in order to better comprehend the 

morphology, structure, composition, thermal stability, functional groups, surface area, and 

porosity of the synthesized materials. Towards the end, the electrochemical and cell testing 

results of the synthesized electrolytes are discussed. The presented results are compared with 

literature and analyzed in the context of the properties obtained from characterization 

techniques. 
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Chapter 6: Conclusions and 

Recommendations 

6.1. Conclusion 
NASICON Type Co/Si doped Li1.3Al0.3Ti1.7(PO4)3 electrolyte material was successfully 

synthesized by ball milling assisted solid-state method. XRD patterns indicated the attainment 

of Rhombohedral structure in space group R-3c, while EDX results showed a slight increase in 

orthorhombic impurity phase AlPO4 intensity as the concentration of cobalt increased, leading 

to a decrease in the concentration of Al. High resolution TEM confirmed the phases which 

were well  aligned  with the XRD results. XPS analysis demonstrated successful doping of 

cobalt and silicon, and the co-existence of all oxidation states in LATP. EIS analysis revealed 

that the doped electrolyte material Li1.3+2x+yAl0.3CoxTi1.7−xSiyP3-yO12 achieved a higher total 

ionic conductivity of 5.45 × 10−5 S cm−1 at room temperature as compared to the undoped 

Li1.3Al0.3Ti1.7(PO4)3. Optimal doping levels can provide a larger channel for the transportation 

of lithium ions, which can be attributed to the observed improvement in ionic conductivity This 

study offers a new approach for enhancing the ionic conductivity of LATP through doping, 

which can help improve the transportation properties and interface characteristics of 

NASICON solid electrolyte materials. 

6.2. Recommendation 
To enhance the electrochemical efficiency and performance of ASSLBs, it is suggested to 

investigate novel combinations of materials that can be used as electrolytes, alongside a careful 

selection of appropriate electrode materials. The following suggestions are proposed to 

overcome the limitations in current research on solid electrolyte materials: 

• Attaining a high ionic conductivity is heavily reliant on the synthesis of pure LATP. It 

is advisable to opt for a synthesis route that can yield the purest form of LATP, without 

any notable impurities. 

• Synthesis of hybrid solid-state electrolyte is one of the solutions to the problem of solid-

state electrolytes. Hybrid electrolytes can be provide advantages of both liquid and 

solid-state electrolytes. Where a solid electrolyte is synthesized on which a thin layer 

of liquid electrolyte is deposited. This will enable the formation of solid electrolyte 

interphase (SEI) which will help in improving the stability of the solid electrolyte and 

still providing us with a safe and high energy density batteries. 
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• Conventional lithium-ion batteries utilize graphite as the anode material, while solid-

state electrolytes have the potential to support the use of lithium metal anodes. Lithium 

metal anodes have a higher theoretical energy density compared to the graphite anodes 

used in traditional lithium-ion batteries. Therefore, the synthesis of a full cell with 

lithium as the anode has the potential to yield high energy density solid-state batteries. 

  



93 

 

Appendix: Publications 

Investigation of the Effect of Cobalt and Silicon Co-Doping on the 

Structural and Electrochemical Properties of LATP Solid State 

Electrolytes 

Hassaan Bin Shahid,a Khadija Nasir,a Haseeb Ahmed,a Ghulam Ali,a,* 

aU.S.-Pakistan Center for Advanced Studies in Energy (USPCASE), National University of 

Sciences and Technology (NUST), H-12, Islamabad, 44000, Pakistan. 

*Corresponding author: ali@uspcase.nust.edu.pk 

Abstract 

Solid-state electrolytes are a promising alternative to liquid electrolytes in lithium-ion batteries, 

as they have the potential to improve safety, energy density, and cyclic performance. Solid-

state electrolyte can help overcome the challenges associated with traditional liquid 

electrolytes, thereby paving the way for high-performance batteries to be commercialized. The 

NASICON-type solid electrolyte Li1.3Al0.3Ti1.7P3O12 (LATP) is a desirable option due to its 

high ionic conductivity, good stability, and remarkable air stability. In this study, we 

synthesized a co-doped LATP electrolyte by the solid-state method, with the dopants targeted 

on the Titanium and Phosphate sites respectively. We investigated the effect of cobalt and 

silicon on the phase composition, microstructure, and ionic conductivity of the LATP solid-

state electrolyte. X-ray photon spectroscopy confirmed the doping of silicon and cobalt, with 

peaks showing Co in the +2 oxidation state and Silicon in the +4 oxidation state. X-ray 

diffraction revealed a highly crystalline structure. The optimal dopant content of cobalt and 

silicon offered an ionic conductivity of 5.45 x 10-5 Scm-1 at room temperature. These results 

suggest that an optimal doping of cobalt exhibits better ionic conductivity compared to pristine 

LATP. 
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